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The isocyanides, CNR, R = Me, Ph, ¢t-Bu, react with [CpMo(CO),], to form the 1:1 adducts Cp,Mo,-
(CO),(u-7*-CNR), R = Me, Ph, t-Bu. The products have been investigated by IR, 'H NMR, and *C NMR
spectroscopy. The phenyl isocyanide adduct has also been characterized by X-ray crystallographic methods:
space group P2,/n, at 23 °C,a = 9.144 (1) A, b = 19.574 (3) A, ¢ = 11.409 (2) A, 8 = 96.10 (1)°, V = 2030.5
(9) A3, Z = 4, peica = 1.757 g/cm?®. For 2951 reflections (F, = 3.00(F,?)) R, = 0.023 and R, = 0.025. The
molecule contains two molybdenum atoms joined by a Mo—Mo single bond, Mo—Mo = 3.212 (1) A. The
two metal atoms are bridged by an isocyanide ligand which is ¢ bonded to one metal atom and = bonded
to the other. The C~N multiple bond at 1.244 (3) A is significantly longer than that normally found for
terminally coordinated isocyanide ligands. *C NMR shifts of the isocyano carbons of the ¢ + w-bonded
isocyanide ligands occur at approximately 215-ppm downfield from Me,Si.

Introduction

Organometallic molecules containing metal-metal
multiple bonds have been shown to exhibit a wealth of new
and unusual reaction chemistry.?? Probably the most
thoroughly studied of these is [CpMo(CO),], (I).51!
Formally this molecule contains a Mo=Mo triple bond.?
It readily adds donors, either two two-electron donors or
one four-electron donor,*® to yield molecules containing
a Mo—Mo single bond (eq 1-3). The third reaction X=Y
= N=C—RS5 or CN~7 has resulted in a few of the rare
examples of the ¢ + 7 coordination of the heteronuclear
triple bond. It has been proposed that such coordination
may play an important role in the activation of these lig-
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Mo=Mo + X=Y ——= Mo——Mo (3)

ands toward catalytic reduction about polynuclear metal
centers.!? We have now found that isocyanides also react
with I according to eq 3 to produce 1:1 adducts where the
isocyanide ligand engages in the ¢ + 7-bonding mode.

Experimental Section

General Information. Since the compounds, particu-
larly when in solution, were air sensitive, all reactions and
purifications were routinely performed under a prepurified
nitrogen atmosphere. Hexane and toluene solvents were
purified by distillation from sodium-benzophenone; other
solvents were stored over 4-A molecular sieves and de-
gassed with a dispersed stream of nitrogen. [CpMo(CO),],
was prepared according to the method of Curtis.’* MeNC
and PhNC were prepared by reported methods.!*!%
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Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479.

(13) Klingler, R. J.; Butler, W.; Curtis, M. D. J. Am. Chem. Soc. 1975,
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Table I. Spectral Properties®

NMR, s (J, Hz)
compd 'H 13C IR, em™
Cp,Mo,(CO),CNMe (II)  5.34 (C,H,), 5.33 (C,H,) 245,99 (CO), 244,37 (00) ven 1725 (m br)
3.62 (CH,) 233.84 (CO), 232.50 (C ) by 1825 (s), 1898 (s)
210.53 (CN), 94.56 (C,H,) €0 1930 (vs), 1971 (s)
92.26 (C,H,), 40.65 (C 3)
Cp,Mo,(CO),CNPh (III)  7.50 (d, 3/ = 8.1, C,H,) 246.16 (CO), 244.47 (CO)® von 1666 (m br)
7.40 (dd, *J = 8.1, 37 = 7.0, C,H,) 282.96 (CO), 231.02 (CO) o 1850 (5), 1898 (s)
7.21(d, *J = 7.0, C,H,) 213.90 (CN), 139.32 (C,H,) €0 1927 (vs), 1968 (s)
5.44 (C,H,), 5.42 (C,H 5 129.29 (C,H,), 125.98 (C,H,)

122.74 (C,H,), 94.76 (C,H,)
92.89 (C,H))
sH; 246.49 (CO), 244.48 (CO)
H,) 233.98 (CO), 232.90 (CO)
211.36 (CN), 94.41 (C,H,)
94.44 (C,H,), 59.49 (C, H,, tertiary)
31.09 (C,H,, primary)

Cp,Mo,(C0),CN-t-Bu (IV) 5. von 1690 (m br)
1 1849 (s), 1892 (s)

¥€0 1920 (vs), 1963 (s)

% NMR spectra of compounds in CDCl, at 298 K; IR spectra of compounds in hexane solvent, +5 cm™!,

tert-Butyl isocyanide was obtained from Strem Chemicals
Inc. Alumina for chromatography was Baker acid-washed
aluminum oxide deactivated with 6% w/w water.

Melting points were determined in evacuated capillary
tubes using a Thomas-Hoover apparatus are are uncor-
rected. Infrared spectra were recorded on a Perkin-Elmer
237B spectrophotometer. A Bruker HX270 NMR spec-
trometer was used to obtain 'H and *C NMR spectra at
270 and 67.89 MHz, respectively.

Reaction of [CpMo(CO),;], with CNPh. At room
temperature phenyl isocyanide (85.5 mg, 0.829 mmol) was
added to a stirred solution of [CpMo(CO),], (300.0 mg,
0.691 mmol) in methylene chloride (100 mL). As moni-
tored by IR spectroscopy, the reaction was complete in 5
min. Volatile components of the reaction were removed
under vacuum. The remaining red-browm residue was
taken up in a minimal amount of methylene chloride and
chromatographed on alumina. A single red-brown band
was eluted with a methylene chloride/hexane solvent
mixture (30% /70%, v/v) to yield 315.6 mg (85%) of crude
CpoMo,(CO),(CNPh) (III). Dark red-brown, rhombohe-
dral crystals were obtained by slow crystallization of the
crude product from hexane/methylene chloride (20% /
80%, v/v) or from benzene at 6 °C; mp 156 °C.

The reactions of methyl and tert-butyl isocyanides with
Cp,Mo,(CO), were performed similarly. CpyMo,(CO),-
(CNMe) (II): yield, 87%; mp 120 °C. Anal. Caled: C,
40.44; H, 2.76; N, 2.95. Found: C, 40.18; H, 2.85; N, 3.03.
CpyMoy(CO)(CN-t-Bu) (IV): yield 88%, mp 121 °C.
Anal. Caled: C, 44.12; H, 3.70; N, 2.71. Found: C, 44.13;
H, 3.89; N, 2.44. See Table I for IR and NMR spectra.

Crystallographic Analyses. A crystal of Cp,Mo,-
(CO),(u-n*-CNPh) suitable for diffraction measurements
was obtained from a benzene solution. It was mounted in
a thin-walled glass capillary. Diffraction measurements
were made on an Enraf-Nonius CAD-4 fully automated
four-circle diffractometer using graphite-monochromatized
Mo Ka radiation. Unit cells were determined and refined
from 25 selected reflections (20 > 45°) by using the CAD-4
automatic center and least-squares routines. The space
group P2,/n was identified by observation of the appro-
priate systematic absences during data collection. Crystal
data and data collection parameters are listed in Table II.
All data processing was performed on a Digital PDP 11/45
computer using the Enraf-Nonius SDP program library.

(14) Casanova, J.; Schuster, E. R.; Werner, N. D. J. Chem. Soc. 1963,
4280.

(15) Ugi, L; Meyer, R.; Lipinski, M.; Bodesheim, F.; Rosendahl, F. Org.
Synth. 1961, 41, 13.

b At-50°C.

Table II. Crystallographic Data for X-ray Diffraction
Study for Cp,Mo,(CO),(x-n?-CNPh) (III)

(A) Crystal Data

formula C,,H,,NO,Mo,
temp, =5 °C 23

space group P2 /n

a, A 9.144 (1)
b, A 19.574 (3)
c, A 11.409 (2)
g, deg 96.10 (1)
V, A3 2030.5 (9)
mol wt 537.24

z 4

9 caled, 8/cm? 1.757

P obsds g/cm3 1.78

(B) Measurement of Intensity Data

radiation Mo Ka (0.710 73 A)
monochromator graphite
detector aperture, mm
horizontal (A + B tan ¢)
A 3.0
B 1.0
vertical 4.0
crystal faces 100,700, 010; 070, 001,

00

crystal size, mm 0.23 x 0.33 x 0.30

crystal orientatn: direction; normal to 214;14.0°

deg from ¢ axis

reflections measd +h, +k, £l

max 26 52°

scan type moving crystal-station-
ary counter

w-scan width

A+ 0.347 tan ¢ A=0.90°
bkgd one-fourth additional
scan at each end of
scan
w-scan rate (variable)
max, deg/min 10.0°
min, deg/min 1.3°
no. of reflections measd 5333

data used (F?* > 3.00(F)?) 2951
(C) Treatment of Data

P factor 0.01
final residuals R 0.023
Ry 0.025
esd of unit weight 1.89
largest shift/error value on final ecycle 0.01

largest peak in final diff Fourier, e/A? 0.35

The linear absorption coefficient is 12.4 cm™. No ab-
sorption correction was applied. Three standard reflections
monitored every 4000 s showed only random +2% fluc-
tuation. Neutral atom scattering factors were calculated
by the standard procedures.!®® Anomalous dispersion
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Table III. Fractional Atomic Coordinates, Thermal Parameters,® and Their Esds for Cp,Mo,(CO),(x-n*-CNPh) (III)
atom x y z B, B,, B,, B, B, B,
Mo(1)  0.29947(3) 0.10929(1) 0.22387(2) 2.806(9) 2.61(1) 2.677(9) -0.14(1) 0.703(8) -0.35(1)
Mo(2) 0.03298(3) 0.21699(1) 0.20517(2) 3.35(1) 3.42(1) 2.79(1) 0.67(1) 0.394(9) 0.22(1)
O(1) 0.4329 (3) 0.2483 (1) 0.1562 (2) 6.8 (1) 4.2 (1) 7.4 (1) -1.6 (1) 2.7(1) 0.2 (1)
0(2) 0.5570 (3) 0.1397(2) 0.4159 (2) 5.3(1) 9.5(2) 6.3(1) 1.0(1) -1.8(1) -3.3(1)
0(3) 0.0602 (4) 0.1869(2) -0.0613(2) 9.6 (2) 8.8 (2) 3.1(1) 1.8(2) 0.2 (1) ~0.2 (1)
O(4) —0.2616(3) 0.1412 (2) 0.1369 (3) 4.7(1) 11.8(2) 11.0(2) ~2.8(2) -1.6(1) 3.3(2)
N 0.1561 (3) 0.0932(1) 0.365 (2) 3.3(1) 3.4 (1) 3.0(1) 0.39 (9) 1.03(9) 0.42(9)
Cp(11) 0.3056 (4) 0.0715(2) 0.032(3) 7.6 (2) 4.0(2) 3.3(1) -1.2(2) 1.5 (1) -1.4 (1)
Cp(12) 0.4326(4) 0.0477 (2) 0.100(3) 4.1(2) 4.7(2) 6.1(2) -0.7 (1) 2.1 (1) -2.7(1)
Cp(13) 0.3907 (4) 0.0014 (2) 0.1821 (3) 5.0 (2) 3.4(1) 5.8(2) 0.6 (1) 0.6 (2) -1.0(1)
Cp(14) 0.2372(4) -0.0053(2) 0.1639(3) 6.0(2) 2.9 (1) 6.0 (2) ~1.4 (1) 2.3(1) -1.1(1)
Cp(15) 0.1839(4) 0.0381 (2) 0.0716 (3) 4.8(2) 4.3 (2) 5.2 (2) -1.0(1) -0.2(2) -2.0(1)
Cp(21) 0.1665(5) 0.3073 (2) 0.3075 (3) 7.4(2) 3.8(2) 5.2 (2) 0.5(2) -0.8(2) -1.5(1)
Cp(22) 0.0446(6) 0.2926 (2) 0.3673(3) 11.4(3) 5.0 (2) 3.7(2) 1.5 (2) 1.5(2) -1.1(2)
Cp(23) -0.0829 (5) 0.3072 (2) 0.2906 (4) 6.8(2) 6.8 (2) 8.4(2) 2.4(2) 2.8(2) -1.7(2)
Cp(24) -0.0377(5) 0.3311(2) 0.1856 (4) 7.0(2) 4.3(2) 6.0(2) 2.7(2) -0.0(2) 0.1(2)
Cp(25) 0.1149(5) 0.3302(2) 0.1944 (3) 7.9(2) 3.1(2) 5.2 (2) 0.1(2) 0.5(2) 0.1(2)
C(1) 0.3760 (4) 0.1982 (2) 0.1823 (3) 4.2(1) 3.7(2) 3.9(1) -0.5 (1) 1.2(1) -0.2(1)
C(2) 0.4587 (4) 0.1285 (2) 0.3465 (3) 3.9(1) 5.1(2) 3.9 (1) 0.5(1) 0.4(1) -1.3(1)
C(3) 0.0538 (4) 0.1968(2) 0.0371 (3) 5.0(2) 4.7 (2) 3.4(1) 0.6(1) -0.1(1) 0.2(1)
C(4) -0.1527 (4) 0.1696 (2) 0.1627(3) 3.9(2) 6.9 (2) 5.8 (2) 0.1(2) 0.0 (1) 2.0 (2)
C(5) 0.0921 (3) 0.1379 (2) 0.3014 (3) 2.7 (1) 3.7 (1) 3.0(1) 0.0 (1) 0.8(1) -0.0 (1)
C(31) 0.1528 (3) 0.0717 (2) 0.4845 (2) 3.0(1) 3.1(1) 2.7(1) -0.2(1) 0.4(1) 0.3 (1)
C(32) 0.0733(4) 0.1087(2) 0.5589 (3) 4.0(1) 3.8(1) 3.8(1) 0.4(1) 1.2(1) 0.3(1)
C(33) 0.0722 (4) 0.0874 (2) 0.6752 (3) 5.2(2) 5.2 (2) 3.4 (1) -0.6 (1) 1.7(1) -0.8(1)
C(34) 0.1474 (4) 0.0302 (2) 0.7147 (3) 5.2(2) 5.6 (2) 2.8 (1) -0.9(2) 0.4 (1) 0.5(1)
C(35) 0.2252(4) ~0.0066(2) 0.6409 (3) 5.3(2) 4.8(2) 3.9(2) 0.8 (2) 0.1(1) 1.4 (1)
C(36) 0.2307 (4) 0.0147 (2) 0.5244 (3) 4.5 (2) 3.8(2) 3.5(1) 0.7 (1) 1.0 (1) 0.4 (1)
atom? x y F1 atom?® x y F4
H(32) 0.0180 0.1487 0.5293 H(13) 0.4562 -0.0225 0.2427
H(33) 0.0183 0.1126 0.7296 H(14) 0.1783 -0.0352 0.2080
H(34) 0.1442 0.0152 0.7953 H(15) 0.0798 0.0436 0.0414
H(35) 0.2792 ~0.0474 0.6702 H(21) 0.2717 0.3025 0.3394
H(36) 0.2872 -0.0108 0.4714 H(22) 0.0474 0.2749 0.4472
H(11) 0.3026 0.1058 -0.0310 H(23) -0.1855 0.3021 0.3080
H(12) 0.5333 0.0603 0.0920 H(24) -0.1011 0.3455 0.1153
H(25) 0.1751 0.3428 0.1321

% The form of the anisotropic thermal parameter is exp [~!/, (B, h*a*? + B,,k*b** + B,,l*c** + B ,hka*b* + B, hla*c*
0

+ B, klb*c*)].

corrections were applied for all nonhydrogen atoms.!6® The
structure was solved by a combination of Patterson and
difference Fourier techniques. Hydrogen atom positions
were calculated on the basis of geometric considerations.
Hydrogen atom contributions were included in structure
factor calculations, but their positions were not refined.
Full-matrix least-squares refinements minimized the
function ¥, w(|F,| - |F))? where w = 1/6(F)?, o(F) =
o(F 2 [2F,, and o(F2) = [o(I,,,)? + (PF2%'V%/Lp. All
nonhydrogen atoms were refined with anisotropic tem-
perature factors. Final fractional atomic coordinates and
interatomic distances and angles with errors obtained from
the inverse matrix calculated on the final cycle of least-
‘'squares refinement are listed in Tables III-V. Structure
factor amplitudes are available (see supplementary ma-
terial).

Results and Discussion

When I is allowed to react with 1 equiv of isocyanide at
room temperature, products with the formula Cp,Mo,-
(CO)((CNR) (II, R = Me; III, R = Ph; IV, R = ¢-Bu) can
be isolated in high yield. Their IR spectra show four
absorptions in the terminal CO stretching region and a
broad low-energy absorption (1725, 1666, and 1695 cm™
for II, III, and IV, respectively) indicative of a bridging
ligand. No absorptions are observed in the region

(16) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1975; Vol. IV: (a) Table 2.2B, pp 99-101; (b)
Table 2.3.1, pp 149-50.

b Hydrogen atom positions were not refined. B = 5.00 AZ.

Table IV. Interatomic Distances with Esds for
Cp,Mo,(CO), (u-n*-CNPh) (I11)
atoms dist, & atoms dist, A
Mo(1)-Mo(2) 3.212 (1) C(31)-C(32) 1.380 (8)
Mo(1)-C(1) 1.953 (3) C(32)-C(33) 1.391 (3)
Mo(1)-C(2) 1.946 (3) C(33)- C(34) 1.367 (4)
Mo(1)-C(5) 2.247 (2) C(34)-C(35) 1.364 (4)
Mo(1)-N 2.207 (2) C(35)- C(36) 1.398 (3)
Mo(1)-Cp(11) 2.317(2) C(36)-C(31) 1.376 (3)
Mo(1)-Cp(12) 2.301(2) Cp(11)-Cp(12) 1.406 (4)
Mo(1)-Cp(13) 2.332(3) Cp(12)-Cp(13) 1.387 (4)
Mo(1)-Cp(14) 2.397(3) Cp(13)-Cp(14) 1.403(4)
Mo(1)-Cp(15) 2.384(2) Cp(14)-Cp(15) 1.399 (4)
Mo(2)-C(3) 1.986(3) Cp(15)-Cp(11) 1.406 (4)
Mo(2)~-C(4) 1.950(3) Cp(21)-Cp(22) 1.397(5)
Mo(2)-C(5) 1,942 (2) Cp(22)-Cp(23) 1.410(5)
Mo(2)-Cp(21) 2.382(3) Cp(23)-Cp(24) 1.388(5)
Mo(2)-Cp(22) 2.363(3) Cp(24)-Cp(25) 1.389(4)
Mo(2)-Cp(23) 2.326(3) Cp(25)-Cp(21) 1.400(4)
Mo(2)-Cp(24) 2.330(3) C(1)-0(1) 1.163 (3)
Mo(2)-Cp(25) 2.347(3) C(2)-0(2) 1.154 (3)
C(5)-N 1.244 (3) C(3)-0(3) 1.147 (3)
N-C(31) 1.426 (3) C(4)-0(4) 1.151 (3)

2000-2200 cm™! which is characteristic of terminally co-
ordinated isocyanide ligands.
The 'H NMR spectra of II, ITI, and IV show resonances

which can be assigned to inequivalent cyclopentadienyl
rings and the R groups of the isocyanide ligands (see Table
I). The 13C NMR spectra show five low-field resonances
in addition to those characteristic of the cyclopentadienyl
ligands and R groups. These low-field resonances are
arranged in two groups of two with the remaining reso-
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Table V. Interatomic Angles with Esds for Cp,Mo,(CO),{x-n*-CNPh) (III}

C(2)-Mo(1)-Cp(12)

nance occurring at a somewhat higher field. In III these
occur at at § 246.16, 244.47, 232.96, 231.02, and 217.50 at
-50 °C. We choose to assign the first four to the terminal
carbonyl ligands since on the basis of the structural
analysis (see below), these can be arranged into groups of
two. The remaining resonance we assign to the isocyano
(C==N) carbon atom. This shift is considerably lower than
that normally found for terminally coordinated isocyanide
ligands which lie in the range § 140-170'7"'° but is similar
to those found for bridging isocyanide ligands.’® The 'H
and 13C NMR peaks remain sharp at room temperature;
thus, unlike other molecules in this family,*’ these are
stereochemically rigid.

Details of the molecular structure of 1II were established
by an X-ray crystallographic analysis. An ORTEP diagram
of the molecular structure is shown in Figure 1. The
molecule contains two (7°-Cp)Mo(CO), units joined by a
metal-metal bond which on the basis of bond length (3.212
(1) A) can be formulated as a single bond (e.g., {CpMo-
(CO)sl;, Mo—Mo = 3.235 (1) A, and Cp,Mo,-
(CO);CNCH,, Mo—Mo = 2.320 (1) A%'). The metal-metal
bond is bridged by an isocyanide ligand coordinated in a
o + = fashion. The isocyano carbon is ¢ bonded to metal
Mo(2), Mo(2)—C(5) = 1.942 (2) A, while the C—N func-
tion is 7 bonded to Mo(1), Mo(1)—C(5) = 2.247 (2) A and
Mo(1)—N = 2.207 (1) A. The C(5)=N bond length at
1.244 (3) A is significantly longer than those found for
terminal isocyanide ligands.!%?"%# For example, the C=N

(17) Novotny, M.; Lewis, D. F.; Lippard, S. J. J. Am. Chem. Soc. 1972,
94, 6961.

(18) Fanell, L. F,; Randall, E. W.; Rosenberg, E. J. Chem. Soc. D 1971,
1078.

(19) Green, M.; Howard, J. A. K,; Murray, M.; Spencer, J. L.; Stone,
F. G. A. J. Chem. Soc., Dalton Trans. 1977, 1509.

(20) Adams, R. D.; Collins, D. M.,; Cotton, F. A. Inorg. Chem. 1974, 13,
1086.
(21) Adams, R. D.; Brice, M,; Cotton, F. A. J. Am. Chem. Soc. 1973,
95, 6954.

(22) Sim, G. A.; Sime, J. G.; Woodhouse, D. I.; Knox, G. R. Acta
Crystallogr., Sect. B 1979, B35, 2406.

(23) Green, M.; Nyathi, J. Z.; Scott, C.; Stone, F. G. A.; Welch, A. J.;
Woodward, P. J. Chem. Soc., Dalton Trans. 1978, 1067.

(24) Davidson, J. L.; Green, M.; Nyathi, J. Z,; Stone, F. G. A.; Welch,
A. J. J. Chem. Soc., Dalton Trans. 1977, 2246.

atoms angles, deg atoms angles, deg atoms angles, deg
Mo( 2)-Mo(1)-C(5) 36.55 (6) C(2)-Mo(1)-Cp(13)  938.8(1) Mo(2)-C(5)-N 167.7 (2)
Mo(2)-Mo(1)-N 68.69 (5) C(2)-Mo(1)-Cp(14) 121.6(1) Mo(1)-N-C(5) 75.5 (1)
Mo( 2)~Mo(1)-C(1) 71.81(8) C(2)-Mo(1)-Cp(15) 151.3(1) Mo(1)-N-C(31) 144.4 (2)
Mo(2)-Mo(1)-C(2)  115.15 (8) Mo(1)-Mo(2)-C(5) 43.56 (8) C(5)-N-C(31) 135.2(2)
C(5)-Mo(1)-N 32.41(7) Mo(1)-Mo(2)-C(3) 77.50 (8) N-C(31)-C(32) 119.8 (2)
C(5)-Mo(1)-C(1) 102.3 (1) Mo(1)-Mo(2)-C(4)  109.8 (1) N-C(31)-C(36) 119.5 (2)
C(5)-Mo(1)-C(2) 105.48 (9) C(5)-Mo( 2)-C(3) 109.7 (1) C(36)-C(31)-C(32) 120.6 (2)
C(5)-Mo(1)-Cp(11) 128.9(1) C(5)-Mo(2)-C(4) 86.8 (1) C(31)-C(32)-C(33) 119.2(2)
C(5)-Mo(1)-Cp(12) 153.62(9) C(5)-Mo(2)-Cp(21) 102.5 (1) C(32)-C(33)-C(34) 120.4 (2)
C(5)-Mo(1)-Cp(13) 129.8(1) C(5)-Mo(2)-Cp(22)  94.0(1) C(33)-C(34)-C(35) 120.4 (2)
C(5)-Mo(1)-Cp(14)  99.25(9) C(5)-Mo(2)~Cp(23) 118.7(1) C(34)-C(85)-C(36) 120.4 (3)
C(5)-Mo(1)-Cp(15)  96.02(9) C(5)-Mo(2)-Cp(24) 151.2(1) C(85)-C(36)-C(31) 119.1(2)
N-Mo(1)-C(1) 124.07 (9) C(5)-Mo(2)-Cp(25) 135.4(1) Cp(15)-Cp(11)-Cp(12) 107.7(3)
N-Mo(1)-C(2) 87.65 (9) C(3)-Mo(2)-C(4) 80.6 (1) Cp(11)-Cp(12)-Cp(13) 108.5(3)
N-Mo(1)-Cp(11) 136.16 (9) C(3)-Mo(2)-Cp(21) 121.6(1) Cp(12)-Cp(13)-Cp(14) 107.8 (3)
N-Mo(1)-Cp(12) 140.22 (9) C(3)-Mo(2)-Cp(22) 151.6(1) Cp(13)-Cp(14)-Cp(15) 108.5(2)
N-Mo(1)-Cp(13) 105.84 (9) C(3)-Mo(2)-Cp(23) 130.5(1) Cp(14)-Cp(15)-Cp(11) 107.4(3)
N-Mo(1)~Cp(14) 86.23 (8) C(3)-Mo(2)-Cp(24)  98.8(1) Cp(25)-Cp(21)-Cp(22) 107.9(3)
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Figure 1. A perspective ORTEP diagram of Cp,Mo,(CO),(u-ne-
CNPh) showing 50% electron density probability ellipsoids.

bond lengths of the terminal isocyanide ligands are 1.17
(1) A in CpsMoy(CO);CNMe?! and 1.153 (13) A in
CpMo(CO),CNPhIL.2 It is even longer than those found
for the more common C-briding isocyanide ligands.!%%7:28
C=N bond lengths for C-bridging isocyanide ligands
generally lie in the range 1.19-1.23 A.15%2¢ The only other
reported example of a ¢ + 7-bonded isocyanide ligand was
for the molecule Mn,(dpm),(CO),(u-n*-CN-p-tol), and it
had a C=N bond length of 1.25 (1) A.2 The long bond
length suggests a weakening of the C—N bond order, and
this is supported by the low-energy position of the C—N
absorption in the IR spectrum. Both observations support
the notion advanced by Muetterties that polynuclear co-
ordination will significantly reduce bond order in unsat-

(25) Lam, C. T.; Novotny, M.; Lewis, D. L.; Lippard, S. J. Inorg. Chem.
1978, 17, 2127,

(26) Lewis, D. L.; Lippard, S. J. J. Am. Chem. Soc. 1975, 97, 2697.

(27) Cotton, F. A,; Frenz, B. A, Inorg. Chem. 1974, 13, 253.

(28) Adams, R. D,; Cotton, F. A,; Rusholme, G. A. J. Coord. Chem.
1971, 1, 275.

(29) Benner, L. S.; Olmstead, M. M,; Balch, A. J. J. Organomet. Chem.
1978, 159, 289,
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urated ligands.!? Although the ¢ + = unit is nearly linear,
Mo(2)-C(5)-N = 167.7 (2)°, the C(5)-N-C(31) angle of
135.2 (2)° indicates a change in hybridization at the ni-
trogen atom away from the linear sp-type normally found
for terminally coordinated isocyanide ligands.

Two other compounds in this series which have the ¢
+ 7 coordination are Cp,M0,(CO),(NCNMe,)® and Et,N-
[CpsMoy(CO),CN] (V).” The former has the nitrile func-
tion of the cyanimide ligand o bonded via the nitrogen
atom. In the latter the cyanide ligand is ¢ bonded via the
carbon to one metal atom and 7 bonded to the other. This
molecule was disordered in the crystal, and only crude
structural parameters were obtained, but we feel a few
useful comparisons can still be made. The #-bonding
Mo-C and Mo-N distances in V lie in the range 2.3-2.6
A and are significantly longer than the corresponding
distances in III. One could reasonably infer that the
cyanide ligand in V is not as strongly = bonded as the
isocyanide in III. This notion is supported by the obser-
vation that V is a fluxional molecule which apparently
rearranges to an equivalent form in which the ¢- and =-
bonding modes of the cyanide ligand have been inter-
changed between the two metal atoms. Intuitively, such
a rearrangement would require some degree of metal-ligand
bond breaking. Accordingly, we find that the molecules
II-IV are not fluxional.

III also contains four terminal carbonyl ligands which
could be grouped into pairs. C(1)-0(1) and C(3)-0(3)
project toward the adjacent metal atom, Mo(2)-Mo(1)-C-
(1) = 71.81 (8)° and Mo(2)-Mo(1)-C(2) = 77.50 (8)°, while
the other two, C(2)-0(2) and C(4)-O(4), point away from
the second metal atom, Mo(2)-Mo(1)-C(2) = 115.15 (8)°
and Mo(1)-Mo(2)-C(4) = 109.76 (10)°. We would hesitate
to call the former semibridging CO’s because the Mo--C
distances at approximately 3.2 A are clearly nonbonding,
but the pairing of the environments of the CO ligands
might explain the pairing of the resonance shifts of these
ligands in the ®*C NMR spectra (see above).
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The reactions of the alkyl phenyl sulfides, RSPh (R = Me, i-Pr), with Os3(CO);, have been shown to
produce cleavage of the phenyl group from the sulfur atom and yield the molecules HOsg(u-SR) (ug-n*
CgH,)(CO)y (I, R = Me; I, R = i-Pr). I has been analyzed by an X-ray crystallographic analysis: space
iroup P2,/n, at 23 °C,a = 8.697 (2) A, b = 13.442 (5) &, c = 17.779 (7) A, 8 = 99.29 (3)°, V = 2551 (2)

3,Z = 4, pogioq = 8.07 g/cm?. For 1999 reflections (F, = 3.06(F,2 R, = 0.052 and R, = 0.051. I contains
an “open” cluster of three osmium atoms with a methanethiolato group bridging the open edge and a triply
bridging benzyne, C¢H,, ligand. In solution I exists as two rapidly equilibrating isomers at room temperature.
H DNMR studies have revealed two dynamical processes. A low-energy degenerate process (AG* = 12.7
kecal/mol) which involves a migration of the hydride ligand between the two metal-metal bonds was
established through a DNMR study of II. The higher energy isomerization process (AG* = 14.7 kcal/mol)
is believed to involve inversions of configuration of the trivalent sulfur atom of the bridging methanethiolato

group.

Introduction

A number of workers have shown that triosmium cluster
compounds can readily cleave aryl groups from phosphines
and other ligands. Frequently, cluster compounds con-
taining benzyne, C4H,, ligands are obtained.!® Recently,
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the cleavage of carbon—sulfur bonds in CS, and related
ligands by triosmium clusters has been demonstrated,” and
it occurred to us that such cleavages in alkyl or aryl sulfide
molecules might also be possible. Such processes are of
fundamental importance to the desulfurization and pu-
rification of fossil fuels.® Herein we report results of our
investigation of the cleavage of carbon-sulfur bonds of
alkyl phenyl sulfide molecules by Osg(CO);,. Similar to
the reactions with arylphosphines, these reactions also give
a number of products. Not all of these have been char-
acterized yet. In this report we will describe the structure
and fluxional properties of the family of molecules which

(7) Adams, R. D.; Golembeski, N. M.; Selegue, J. P. J. Am. Chem. Soc.
1981, 103, 546.
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have the formula HOs;(u-SR) (15-72-CgH)(CO),.

Experimental Section

General Comments. Although these compounds were air
stable, the reactions were routinely performed under a prepurified
nitrogen atomosphere. Nonane solvent was purified by stirring
for 2 days over concentrated sulfuric acid and then allowing to
stand overnight over anhydrous sodium carbonate. Hexane
solvent was purified by distillation from sodium-benzophenone.
Other solvents were stored over 4-A molecular sieves and degassed
with a dispersed stream of nitrogen gas. Osmium carbonyl was
prepared from 0s0,.° Both phenyl methyl and phenyl isopropy!
sulfides were obtained from commercial sources and were used
without further purification.

Melting points were determined in evacuated capillary tubes
using a Thomas-Hoover apparatus and are uncorrected. Infrared
spectra were recorded on a Perkin-Elmer 237B spectrophotometer.
Fourier transform 'H NMR spectra were obtained at 270 MHz
on a Bruker HX 270.

Preparation of HOs;(u-SMe)(u3-n*-CgH ) (CO)g (I). Phenyl
methyl sulfide (0.15 mL, 1.28 mmol) was added to Os3(CO),, (200
mg, 0.221 mmol) in nonane (70 mL). The reaction was maintained
at reflux for 20 h. The solvent was removed in vacuo, and the
remaining red-brown residue was taken up in a minimal amount
of methylene chloride and applied to thin-layer silica plates.
Elution with methylene chloride/hexane (10% /90%, v/v) yielded
several bands. The product was the third of these. It is yellow
in color and follows a red band. It crystallizes from hexane at
—20 °C to yield 5.0 mg (2.4%) of yellow crystals, mp 172-174 °C;
'H NMR (in CDCly): at 298 K, 6 8.70 (br, C¢H,), 7.37 (br, C¢Hy),
2.88 (br, Me), ~15.95 (OsH); at 213 K, major isomer, § 8.93 (d,
3J = 8.5 Hz CgH,), 8.48 (d, ®%J = 8.5 Hz CgH,), 7.11 (dd, 3J = 8.5
Hz 3J’ = 6.1 Hz, CsH,), 6.86 (dd, %J = 8.5 Hz, °J’ = 6.1 Hz, CiH,),
2.22 (CHy), ~15.97 (OsH); minor isomer, ¢ 8.89 (d, 3J = 8.3 Hz,
CsH4), 8.42 (d, 3J =83 HZ, CGH4), 7.34 (m, CGH4), 7.21 (m, C6H4),
2.90 (CH,), -15.67 (OsH). IR (in hexane, o £ 5 cm™): 2100 (m),
2076 (vs), 2048 (vs), 2024 (s), 2008 (s), 2001 (s), 1982 (m), 1964
(m) em™.

HOs;3(u-S-i-Pr) (ug-n>CgH,)(CO)g (II) was prepared and isolated
similarly: yield, 5%; mp 142-143 °C. 'H NMR (in CDCl)z: at
298 K, 5 8.69 (m, CsH4), 6.96 (m, C6H4), 2.43 (Sept, 3J =6.7 HZ,
C,;H,), 0.90 (d, 3J = 6.7 Hz, C;Hy), -16.05 (OsH). At 213K, § 8.90
(d, 3 = 7.9 Hz, CgH,), 8.47 (d, 3J = 7.9 Hz, CgH,), 7.08 (dd, 3J
= 7.9 Hz, %J = 5.9 Hz, CgH,), 6.83 (dd, 3J = 7.9 Hz, J’ = 5.9 Hz,
CsH4), 2.33 (m, C3H7), 0.90 (d, 3J =6.3 Hz, C3H7), 0.70 (d, 3J =
6.2 Hz, C3H,), -16.22 (OsH). IR (in hexane, vco: 2105 (s), 2080
(vs), 2055 (vs), 2030 (vs), 2017 (vs), 2010 (vs), 1990 (s), 1985 (m),
1970 (s) cm™.

Crystallographic Analysis. Crystals of HOs;(u-SMe)(us-
7%-CgH )(CO), suitable for diffraction measurements were obtained
as described above and were mounted in thin-walled glass cap-
illaries. Diffraction measurements were made on an Enraf-Nonius
CAD-4 fully automated four-circle diffractometer using gra-
phite-monochromatized Mo Ka radiation. The unit cell was
refined from 25 selected reflections (26 > 31°) by using the CAD-4
automatic center and least-squares routines. The space group
P2,/n was determined from the systematic absences observed
during data collection. Crystal data and data collection parameters
are listed in Table I. All data processing was performed on a
Digital PDP 11/45 computer using the Enraf-Nonius SDP pro-
gram library. An absorption correction of a Gaussian integration
type was applied to all the data. Neutral atom scattering factors
were calculated by the standard procedures.'®® Anomalous
dispersion corrections were applied for all nonhydrogen atoms.%
The structure was solved by a combination of Patterson and
difference Fourier techniques. Hydrogen atom positions for the
benzyne ligand were calculated by assuming idealized sixfold
symmetry and C-H distances of 0.95 A. These hydrogen atom
contributions were included in structure factor calculations, but

(9) Johnson, B. F. G.; Lewis, J.; Kilty, P. A. J. Chem. Soc. A 1968,
2859.

(10) “International Tables for X-ray Crystallography™; Kynoch Press:
Birmingham, England, 1975; Vol. IV, (a) Table 2.2B, pp 99-101; (b)
Table 2.3.1, pp 149-50.
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Table I. Crystallographic Data for X-ray Diffraction
Study of HOs,(x-SMe)(u,m?-C,H,)(CO),

(A) Crystal Data

formula Os,50,C,(H,
temp, 5 °C 23

space group P2, /n

a A 8.697 (2)

b, A 13.442 (5)
¢, A 17.779 (7)
8, deg 99.29 (3)

V, A3 2551 (2)
mol wt 946.9

P caled, g/cm?® 3.07

(B) Measurement of Intensity Data

radiation Mo Ka (0.71073 &)
monochromator graphite
detector aperture, mm.
horizontal (A + B tan ¢)
A 3.0
B 1.0
vertical 4.0 _ -
cryst faces 021, 021, 001; 001, 111,

111
cryst size, nm 0.16 x 0.15 x 0.09
cryst orientation:

direction; deg from ¢ axis normal to 120; 10.8

reflctns measd h,k,xl
max 26 50°
scan type moving

crystal-stationary counter
w-scan width, deg
A + 0.347 tan ¢ A =0.85°
bakgd one-fourth additional scan
at each end of scan
w-scan rate (variable)

max, deg/min 6.7°
min, deg/min 1.2°
no of refletns measd 3934

data used (F? > 3.00(F)?) 1999

(C) Treatment of Data
abs correctn

coeff, cm™! 198.6

grid 12x 10 x 8
transmissn coeff

max 0.26

min 0.07
P factor 0.01
final residuals R 0.052

R, 0.051

esd of unit wt 2.57

largest shift/error value on final cycle 0.02

their positions were not refined. Hydrogen atom positions for
the methyl group were not observed and were ignored. Full-matrix
least-squares refinements minimized the function 3 ,,w(|F,| -
[F.))?, where w = 1/0(F)?, o(F) = o(F,2)/2F, and o(F ) = [6(I4e)?
+ (PF,%%Y2/Lp. All atoms heavier than oxygen were refined
with anisotropic temperature factors. All other atoms were refined
with isotropic temperature factors only. Final fractional atomic
coordinates, thermal parameters, and interatomic distances and
angles with errors obtained from the inverse matrix calculated
on the final cycle of least-squares refinement are listed in Tables
II-IV. Structure factor amplitudes are available (see supple-
mentary material).

Results

The reactions of alkyl phenyl sulfides, RSPh (R = Me,
i-Pr) with Os3(CO),, in refluxing nonane solvent give low
yields (<5%) of the molecules HOs3(u-SR)(us-7*-CgH,)-
(CO)y (I, R = Me; I, R = i-Pr) which have been charac-
terized by IR and 'H DNMR spectroscopies and an X-ray
crystallographic analysis of I.

Description of the Structure. The molecular struc-
ture of I is shown in Figure 1. The molecule contains an
“open” cluster of three osmium atoms with a bridging
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Table II. Final Fractional Atomic Coordinates, Thermal Parameters, and Their Estimated Standard Deviations
for HOs,(u-SMe)(u ;1 *-C,H, )} CO),

atom x Y 2 B,°® B, B, By, B, B,
Os(1) 0.3215(1) 0.19720(8) 0.05626 (5) 2.80 (4) 2.72(5) 2.13(3) 0.00(5) 0.32(3) -0.17(4)
0s(2) 0.5894 (1) 0.20806 (8) 0.17004 (5) 2.47 (4) 2.42 (4) 2.37 (4) 0.42 (5) 0.47 (3) 0.19 (4)
0s(3) 0.3969 (1) 0.35375(8) 0.23576 (6) 2.68(4) 2.57 (4) 2.36 (4) 0.13 (5) 0.59(3) -0.29 (4)
S(1) 0.1870(8) 0.2746 (6) 0.1510 (4) 3.2(3) 4.1 (4) 3.0 (3) 0.1(3) 0.0 (3) -0.6 (3)
atom x y z B, A? atom x y P B, A?
0(1) 0.506 (2) 0.091 (2) -0.053(1) 5.1 (5) C(7) 0.313 (3) 0.482(2) 0.222 (1) 3.4 (6)
O(2) 0.141(2) 0.006(2) 0.082(1) 5.6(5) C(8) 0.562(3) 0.406(2) 0.306 (1) 3.3 (6)
0(3) 0.094(2) 0.283(1) -0.076(1) 4.8(4) C(9) 0.282(3) 0.316(2) 0.317(1) 3.5(6)
O(4) 0.815(2)  0.148(2) 0.062(1) 5.4(5) C(10)  0.065(4) 0.380(2) 0.101(2) 4.9(7)
O(5) 0.518(2) -0.008(1) 0.210(1) 5.0(5) C(11)  0.478(3) 0.317(2)  0.071(1) 2.9(5)
0(6) 0.867 (3) 0.241 (2) 0.296 (1) 6.6 (6) C(12) 0.521 (3) 0.374 (2) 0.139(1) 2.5 (5)
O(7) 0.266 (2) 0.564 (2) 0.210(1) 6.0 (5) C(13) 0.632 (3) 0.453 (2) 0.145 (1) 3.0(5)
O(8) 0.669(2) 0.437 (1) 0.347 (1) 4.9 (4) C(14) 0.700 (3) 0.481 (2) 0.083 (1) 3.8 (6)
0(9) 0.224(2) 0.286 (2) 0.366 (1) 5.5 (5) C(15) 0.672(3) 0.424 (2) 0.015 (2) 4.6 (7)
C(1) 0.435(3) 0.128(2) -0.012(1) 3.4 (6) C(16 0.567 (3) 0.349 (2) 0.009 (1) 3.2 (5)
C(2) 0.202 (3) 0.075 (2) 0.073 (1) 3.7(6) H(13)¢ 0.6617 0.4878 0.1928 5.0
C(3) 0.183 (3) 0.247 (2) -0.027 (1) 2.8 (5) H(14)° 0.7684 0.5389 0.0853 5.0
C(4) 0.723 (3) 0.167 (2) 0.104 (1) 3.7(6) H(15)¢ 0.7269 0.4400 -0.0274 5.0
C(5) 0.543 (3) 0.074 (2) 0.194 (1) 3.2(6) H(16)¢ 0.5473 0.3137 ~0.0395 5.0
C(6) 0.761 (4) 0.232(2) 0.249 (2) 4.3 (6)

¢ Hydrogen atom positions were calculated and not refined. ? The form of the general temperature factor expression is
exp([~1/ (B, h*a*? + B,k*b** + Byl*c* + B ,hka*b* + B hla*c* + B klb*c*)].

Table III. Interatomic Distances with Esds
for HOs,(u-SMe)(x - *-C H,)(CO),

atoms dist, A atoms dist, A
Os(1)-Os(2) 2.833 (1) S(1)-C(10)  1.90(2)
0s(2)-0s(3) 2.939(1) C(11)-C(12) 1.42(2)
Os(1)-0s(3) 3.791(1) C(12)-C(13) 1.43(2)
Os(1)-S(1) ~ 2.433(5) C(13)-C(14) 1.39(2)
Os(1)-C(1)  1.92(2) C(14)-C(15) 1.42(2)
Os(1)-C(2)  1.99(2) C(15)-C(16) 1.35(2)
0s(1)-C(3)  1.87(2) C(16)-C(11) 1.52(2)
0s(1)-C(11) 2.10(2) C(1)-0(1) 1.14 (2)
0s(2)-C(4)  1.86(2) C(2)-0(2) 1.09 (2)
0s(2)-C(5) 1.91(2) C(3)-0(3) 1.18(2)
Os(2)-C(6)  1.90(2)  C(4)-0(4) 1.21 (2)
0s(2)-C(11) 2.37(2) CO(5)-O(5) 1.18(2)
0s(2)-C(12) 2.35(2)  C(6)-O(6) 1.15(2)
0s(3)-S(1)  2.418(4) C(7)-O(7) 1.18(2)
0s(3)-C(7)  1.87(2) C(8)-0(8) 1.14 (2)
0s(3)-C(8)  1.87(2)  C(9)-O(9) 1.17(2)

- 1.95(2
8:(( g))_g(( ? %) 219 (( 2)) av C-0 1.16 (3) Figure 1. A perspective ORTEP drawing of HOs3(u-SMe)(us-

7%-CgH )(CO), showing 50% electron density probability ellipsoids.
methanethiolato group, a triply bridging benzyne ligand,

C¢H,, and a bridging hydride ligand. The 0s(2)-0s(3)
distance at 2.939 (1) A is 0.106 A longer than the Os(1)-
0s(3) distance of 2.833 (1) A. Although both distances are
similar to those observed in Os3(CO)y, (ie., 2.877 (3) A),**
the elongation of the one bond is significant and is a fea-
ture which is characteristic of the presence of bridging
hydride ligands.!? Spectroscopic measurements confirm
the presence of a bridging hydride ligand in these mole-
cules (vide infra) and accordingly, we conclude that the
bridging hydride ligand straddles the Os(2)-0s(3) bond
although this was not confirmed by “direct” observation
in the crystallographic analysis. The Os(1)--0s(3) distance
at 3.791 (1) A is clearly too large to allow any significant
direct metal-metal bonding.

The “open” edge of the cluster contains the bridging
methanethiolato group which serves formally as a three-
electron donor. Being tricoordinate and also containing

(11) Churchill, M. R.; DeBoer, B. G. Inorg. Chem. 1977, 16, 878.

(12) (a) Churchill, M. R.; DeBoer, B. G.; Rotella, F. J. Inorg. Chem.
1976, 15, 1843. (b) Teller, R. G.; Bau, R. Struct. Bonding (Berlin) 1981,
44, 1.

a lone pair of electrons, the sulfur atom has a pyramidal
structure, and as expected, the Os(1)-S-0s(3), Os(1)-S-
C(10), and Os(3)-S—C(10) angles of 102.8 (2), 106.6 (6), and
105.9 (6)°, respectively, are approximately tetrahedral.

A triply bridging benzyne ligand, C¢H,, is coordinated
to one face of the cluster. Atom C(11) is asymmetrically
bonded to Os(1) and Os(2), Os(1)-C(11) = 2.10 (2) A and
0s(2)-C(11) = 2.37 (2) A, and atom C(12) is asymmetrically
bonded to Os(3) and Os(2), 0s(3)~-C(12) = 2.19 (2) A and
0s(2)-C(12) = 2.35 (2) A, although the asymmetry for
C(12) is not as large as for C(11). The benzyne ligand
serves formally as a four-electron donor, and the bonding
can be viewed as ¢ bonds to Os(1) and Os(3) and a w-donor
bond to Os(2). There does not appear to be any systematic
pattern of long and short C-C bond alternations within
the benzyne ring. The ring is planar and is inclined at an
angle of 71.5° from the Os; plane. Similar incline angles
have been found in other triosmium cluster compounds
containing benzyne ligands.}%*

There are nine linear terminal carbonyl ligands. The
average C~O bond distance is 1.16 (3) A. The osmium-
carbon distances which are trans to osmium-benzyne o
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Table IV. Interatomic Angles with Esds for HOs,(u-SMe)(u ;- *-C,H,}(CO),

atoms angles, deg atoms angles, deg atoms angles, deg
0s(1)-0s(2)-0s(3) 82.09 (3) C(4)~0s(2)-C(6) 90.8 (8) 0s(3)-8(1)-C(10) 105.9 (6)
0s(2)-0s(1)-8(1) 85.2 (1) C(4)-0s(2)-C(11) 86.7 (6) 0s(1)-C(11)-0s( 2) 78.4 (5)
0Os(2)-0s(1)-C(1) 91.6 (5) C(4)-0s(2)-C(12) 107.2(7) 0s(1)-C(11)-C(12) 127 (1)
0s(2)-0s(1)-C(2) 109.0 (5) C(5)-0s(2)-C(6) 99.5 (7) 0s(1)-C(11)-C(16) 121 (1)
0Os(2)-0s(1)-C(3) 153.6 (5) C(5)-0s(2)-C(11) 132.3 (8) 0s(2)-C(11)-C(12) 71.5(8)
0Os(2)-0s(1)-C(11) 55.1 (4) C(5)-0s(2)-C(12) 153.3 (6) 0s(2)-C(11)-C(16) 121 (1)
5(1)-Os(1)-C(1) 175.2 (5) C(6)-0s(2)-C(11) 128.1 (7) 0s(2)-C(12)-0s(3) 80.6 (5)
S5(1)-O0s(1)-C(2) 86.0 (5) C(6)-0s(2)~C(12) 98.6 (7) 0s(2)-C(12)-C(11) 73.4 (9)
5(1)-0s(1)-C(3) 94.2 (5) C(11)-0s(2)-C(12) 35.1 (5) 0s( 2)-C(12)-C(13) 123 (1)
8(1)-0s(1)-C(11) 87.6 (5) 0Os(2)-0s(3)-5(1) 83.1(1) 0s(3)-C(12)-C(11) 120 (1)
C(1)-0s(1)-C(2) 91.7 (7) Os(2)-0s(3)-C(7) 142.9(5) 0s(3)-C(12)-C(13) 117 (1)
C(1)-0s(1)-C(3) 90.3 (7) 0Os(2)-0s(3)-C(8) 95.1 (5) C(11)-C(12)-C(13) 123 (1)
C(1)-0s(1)-C(11) 93.6 (7) Os(2)-0s(3)~C(9) 120.9 (5) C(12)-C(13)-C(14) 121 (1)
C(2)-0s(1)-C(3) 97.2(7) 0s(2)-0s(3)-C(12) 52.0 (4) C(13)-C(14)-C(15) 119 (2)
C(2)-0s(1)-C(11) 163.4 (6) §(1)-0s(3)-C(7) 94.9 (5) C(14)-C(15)-C(186) 119 (2)
C(3)-0s(1)-C(11) 98.6 (6) 8(1)-0s(3)-C(8) 175.6 (5) C(15)-C(16)-C(11) 125(2)
0s(1)-0s(2)-C(4) 93.6 (5) 8(1)-0s(3)~C(9) 85.5 (5) C(16)-C(11)-C(12) 112 (1)
0s(1)-0s(2)-C(5) 86.2 (5) S(1)-0s(3)-C(12) 89.0 (4) 0s(1)-C(1)-0(1) 177 (2)
0s(1)-0s(2)-C(11) 46.5 (4) C(7)-0s(3)-C(8) 89.0 (7) 0s(1)-C(2)-0(2) 177 (2)
0s(1)-0s(2)-C(12) 74.5 (4) €(7)-0s(3)-C(9) 95.7 (8) 0s(1)-C(3)-0(3) 176 (2)
0s(3)-0s( 2)-C(4) 154.5 (6) C(7)-0s(3)-C(12) 91.1(7) 0s(2)-C(4)-0(4) 174 (2)
Os(3)-0s(2)-C(5) 112.6 (5) C(8)-0s(3)-C(9) 92.0(7) 0s(2)-C(5)-0(5) 178 (1)
0s(3)~0s(2)-C(6) 91.5(6) C(8)-0s(3)-C(12) 93.1(7) Os(2)-C(6)-0(6) 176 (2)
0s(3)-0s(2)-C(11) 72.0 (4) C(9)-0s(3)-C(12) 171.6 (7) 0s(3)-C(7)-0(7) 176 (2)
Os(3)-0s( 2)-C(12) 47.4 (4) 0s(1)-8(1)-0s(3) 102.8 (2) 0s(3)-C(8)-0(8) 173 (2)
C(4)-0s(2)-C(5) 92.1(8) 0s(1)-8(1)-C(10) 106.6 (6) 0s(3)-C(9)-0(9) 177 (2)

bonds (i.e., C(2)-0(2) and C(9)-0(9)) are noticeably longer
than others (see Table III). The shortest intermolecular
contact was between the carbonyl oxygen atoms O(1) and
0(5) at 3.00 (2) A.

Dynamical Behavior and Solution Structures of 1
and II. At -60 °C of the 'H NMR spectrum of I shows
two resonances 6 —15.67 and —15.97 of unequal intensity
(ratio 1:5) which can be assigned to bridging hydride lig-
ands. There are two methyl resonances with the same ratio
of intensities for the bridging methanethiolato group. On
this basis we conclude that I exists in solution as two
inequivalent isomers one of which is probably the same
isomer A as found in the solid state (see Scheme I).

We have not been able to establish unambiguously the
structure of the second isomer in solution, but we consider
structures B and C to be likely candidates, and on the basis
of an analysis of the dynamical behavior we believe B is
more probable than C. B differs from A only by an in-
version of configuration at the pyramidal sulfur atom. C
differs from A in the orientation of the benzyne ligand. In
A, the benzyne ligand bridges the nonbonded osmium
atoms via its osmium-carbon ¢ bonds. In C it bridges a
pair of bonded osmium atoms. Interestingly, the molecule
Os3(us-PEt)(ug-CeH,)(CO)g was recently shown to have its
benzyne ligand coordinated in a manner analogous to that
inC.*

There are prominent doublets at 8.98 and 8.48 ppm of
equal intensity and two apparent triplets (actually doublets
of doublets) of equal intensity at 7.11 and 6.86 ppm. Low
intensity doublets were observed near the prominent ones,
but the expected low intensity triplets of the minor isomer
were not clearly resolved. In A the protons of the benzyne
ligand should appear in an ABCD pattern. The prominent
doublets can be assigned to the A and D protons where
the AC, AD, and BD couplings are approximately zero and
the AB and CD couplings are equal (8.5 Hz), and the
triplets can be assigned to the B and C protons where AC
and BD couplings are zero, and the AB and CD couplings
are 8.5 Hz, and the BC coupling is 6.1 Hz.

When the temperature is raised, the resonances of the
benzyne ligand in both isomers broaden, coalesce, and
average, doublets with doublets and triplets with triplets,

AGggg* = 12.7 keal /mol'® (coalescence temperature is
approximately —10 °C)), but at —-10 °C, the methyl and
hydride resonances have not changed and remain sharp.
As the temperature is raised still further, these resonances
begin to broaden (hydrides and methyls to approximately
the same extent), coalesce (30 °C, methyls; 20 °C, hy-
drides), and reform as singlets: AGgygg* = 14.7 keal/mol
(minor isomer to major isomer) and AGy;x* = 15.3
kcal /mol*® (major isomer to minor isomer). Clearly two
processes are operative. The lowest energy process, (1),
produces a plane of symmetry in the benzyne ligand of
both isomers. For the low-energy process the two most
plausible mechanisms are as follows: (1a), a 180° rotation
of benzyne ligand (this process has been observed in other
triosmium clusters containing triply bridging benzyne
ligands);3* or (1b), an exchange of the hydride ligand be-
tween the metal-metal bonds (see Scheme I). Evidence
which distinquishes between these mechanisms was ob-
tained from a 'H DNMR analysis of II. At —60 °C the 'H
NMR spectrum of 11 is consistent with the presence of only
one isomer. The resonances of the benzyne ligand are
similar to those in I. As expected for a structure of the
type A, the isopropyl methyl groups are diastereotopic and
appear as two doublets. As the temperature is raised, the
resonances of the benzyne ligand are averaged in a manner
analogous to those in I, but most importantly the isopropyl
methyl doublets are also averaged at the same rate:
AGygsx* = 12.4 keal/mol.1345 This latter observation rules
out mechanism (la) and implies (1b).

Since the resonances of the benzyne ligand in the minor
isomer of I are averaged similarly to those of the major
isomer, we believe their structures must be similar too. As
a result we prefer the structure B for the minor isomer
since hydride shifts will produce a pairwise averaging of

(13) AG* was estimated at the temperature where the limiting spec-
trum at slow exchange was just attained.

(14) Faller, J. W., In “Transition Metal Olefin and Acetylene
Complexes”; Bennett, M. A, Ed.; Wiley: New York, in press.

(15) We observed that the collapse of the two isopropyl methyl
doublets is noticeably asymmetric near coalescence. We believe this could
be caused by small amounts of a minor isomer (not significantly popu-
lated in the slow exchange region) which averages with the major isomer.
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Scheme I
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the resonances of the benzyne ligand. This would not
occur in C. It is conceivable that the benzyne ligand
resonances of an isomer like C could be averaged by 180°
rotations,? but it is difficult to imagine a mechanism that
would not involve A as an intermediate, and the spectra
show that such isomerization does not occur in this tem-
perature range.

The higher energy process interconverts the two isomers
of I. If A and B are the correct structures, the isomeri-
zation involves only the inversion of configuration of the
sulfur atom. While such inversions at trivalent sulfur are
generally of fairly high energy when the three substituents
are alkyl groups,!® it has been shown that barrier can be
reduced considerably when one of the substituents is a
metal atom.!”

In 1973 Deeming reported the preparation and dynam-
ical behavior of the complexes HOs3(EMe,)(C¢H,)(CO),
(E = P or As) and HOsy(PMe,)(CeH,)(CO)sPMe,Ph.?
Structurally, he assumed that the triosmium clusters
contained three metal-metal bonds. Thus, in order to
maintain satisfactory electron configurations, he proposed
that the benzyne ligand served as a two-electron donor.
Although the benzyne ligand can serve as a two-electron
donor in trosmium clusters,? in view of our present results,
we propose to reformulate Deeming’s complexes as “open”
clusters containing benzyne ligands serving as four-electron
donors.’® The dynamical activity in his molecules showed

(16) Darwish D.; Tomilson, R. C. J. Am. Chem. Soc. 1968, 90, 5938.

(17) (a) Abel, E. W.; Ahmed, A. K. S.; Farrow, G. W,; Orrell, K. G.; Sik,
G. J. Chem. Soc., Dalton Trans. 1977, 47. (b) Abel, E. W.; Farrow, G.
W.; Orrell, K. G.; Sik, V. J. Chem. Soc., Dalton Trans. 1977, 42. (c) Abel,
E. W.; Farrow, G. W.; Orrell, K. G. Ibid. 1976, 1160. (d) Abel, E. W;
Kha:a A. R.; Kite, K.; Orrell, K. G.; Sik, V. J. Organomet. Chem. 1978,
145, C18.

a pairwise averaging of the benzyne ligand resonances
which could also be explained by hydride shifts. The
observation of phosphorus coupling to the hydride ligand
in the fast exchange region® indicates that the hydride shift
occurs by an intramolecular process in these molecules.

In summary, we found that triosmium clusters can
readily cleave aryl groups from alkyl aryl sulfide molecules.
We have characterized a new class of triosmium cluster
which contains a triply bridging benzyne ligand serving
as a four-electron donor. These molecules are dynamically
active via two processes. A lower energy process involves
rapid shifts of the hydride ligand between the metal-metal
bonds, and a higher energy process appears to involve
inversion of configuration of the sulfur atom of the bridging
methanethiolato ligands.
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Cleavage of Metal-Metal Bonds in Heteronuclear Clusters.
Reactions of Os3(u3-S)(us-n*-SCH,)(CO)s(PMe,Ph) with
HCI and P(OMe),
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The reactions of the cluster Osg(us-S)(u3-n*-SCH,)(CO)s(PMe,Ph) (I), which contains a thioformaldehyde
ligand, with HCl and P(OMe); have been investigated. The reaction of I with HCl yields an addition product
HOs;(us-S) (uz-n*-SCH,) (CO)s(PMe,Ph)Cl (II), which has been characterized by X-ray crystallographic
methods: space group P2,/c, at 23 °C; a = 10.423 (2) A, b = 11.014 (5) A, ¢ = 22.743 (9) 4, g = 101.98
(3); V = 2554 (3) A% Z = 4; pgieq = 2.72 g/cm®. For 2689 reflections (F, = 3.00(F,%)) R, = 0.044 and R,
= 0,048. The molecule contains a group of three osmium atoms but only one osmium—-osmium bond. The
third osmium is linked to the others by a triply bridging sulfide and triply bridging thioformaldehyde ligand.
The addition of HClI to I results in cleavage of one of its osmium—osmium bonds. The reaction of I with
P(OMe); yields the new molecule Os;(us-S)(13-7*-SCHy)(CO);(PMe,Ph)[P(OMe),] (III). III was also analyzed
by an X-ray crystallographic analysis: space group P, at 23 °C; a = 10.694 (2) A, b = 11.630 3) A, ¢ =
12.675 (2) &, o = 111.16 (2)°, B = 99.63 (2)°, v = 92.36 (2)°; V = 1441 (1) A% Z = 2; poyeq = 2.55 g/cm®.
For 4083 reflections (¥, = 3.0¢(F,%) R, = 0.035 and R, = 0.038. III is formed from I by the substitution
of one of the carbonyl ligands on the phosphine-substituted osmium atom with the P(OMe); ligand. Thus,
as in I, ITI contains a cluster with two osmium—osmium bonds a triply bridging sulfide ligand and a triply
bridging thioformaldehyde ligand. The nature of the formations of II and III is compared in terms of probable

mechanisms.

Introduction

In all examples of homogeneous catalysis involving
transition-metal agents, at some point a metal complex is
called upon to activate either a selected reagent, a target
substrate, or both. Nucleophilic and oxidative additions!?
and electron-transfer® processes which are the principal
activation steps have been well studied for mononuclear
transition complexes.

Attention has recently been focused on transitional
metal cluster compounds as a possible new source of ho-
mogeneous catalytic agents.* Once again, it can be ex-
pected that oxidative and nucleophilic additions and
electron-transfer processes will play important roles in
reagent and substrate activations. However, a feature that
makes polynuclear metal complexes unique and chemically
quite different from mononuclear ones is the existence of
metal-metal bonds. Frequently, the metal-metal bonds
are the weakest chemical bonds in the molecule, and as
a result the basic activation processes may be altered by
reaction with them. One obvious way this can happen is
by cleavage of the metal-metal bond, and already much
attention has been focused on nucleophilic, oxidative, and
reductive cleavage of metal-metal bonds in polynuclear
metal complexes.2*® Of course, if all the metal-metal
bonds in the cluster are cleaved, the true catalytic agents
may be only the mononuclear fragments. However, het-

(1) Cotton, F. A., Wilkinson, G. “Advanced Inorganic Chemistry”, 4th
ed.; Wiley: New York, 1980.

(2) Coliman, J. P.; Hegedus, L. “Principles and Applications of Orga-
xéotransition Metal Chemistry”; University Science Books: Mill Valley,

A, 1980.

(3) (a) Kochi, J. K. Acc. Chem. Res. 1974, 7, 351. (b) Lappert, M. F,;
Lednor, P. W. Adv. Organomet. Chem. 1976, 14, 345.

(4) (a) Muetterties, E. L. Science (Washington, D.C) 1977, 196, 839.
(b) Ugo, R. Catal. Rev. 1975, 11, 225.

(5) Meyer, T. J. Prog. Inorg. Chem. 1975, 19, 1.

(6) Kramer, G.; Patterson, J.; Pog, A.; Lily, N. Inorg. Chem. 1980, 19,
1161.

(7) Pog, A.; Malik, S. K. Inorg. Chem. 1979, 18, 1241.

(8) (a) Johnson, B. F. G.; Lewis, J.; Kilty, P. A. J. Chem. Soc. A 1968,
2859. (b) Candlin, J. P.; Cooper, J. J. Organomet. Chem. 1968, 15, 230.
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eronuclear cluster compounds which contain a group of
transition-metal atoms plus some bridging, supportive
main-group element, where the bonds between the main-
group element and the transition-metal atoms are stronger
than the metal-metal bonds, may provide a means for
circumventing cluster degradation and might even permit
one to take advantage of the metal-metal bond cleavage
processes in the activation of certain smalil molecules.?1°

At present, we are investigating the reactivity of such
heteronuclear clusters with a variety of small molecules.’
In this report we describe the nature of reactions of the
cluster Osz(ug-S)(ug-n-SCH,)(CO)z(PMe,Ph) (I) with HCI
and P(OMe);. A preliminary report on some of this work
has been published previously.!!

Experimental Section

General Data. The compounds reported in this study showed
no significant sensitivity to air. However, as a matter of routine
all reactions were performed under an atmosphere of prepurified
nitrogen. Hexane solvent was distilled from a sodium-benzo-
phenone solution. Osg(us-S)(ug-n?-SCH)(CO)s(PMe,Ph) was
prepared as previously reported.!? All other reagents were used
as purchased.

Melting points were determined by using a Thomas-Hoover
apparatus and are uncorrected. Infrared spectra were recorded
on a Perkin-Elmer 237B spectrophotometer and were calibrated
with polystyrene. Fourier transform !H NMR spectra were ob-
tained at 270 MHz on a Bruker HX270 spectrometer.

Preparation of HOsy(u3-S) (u3-n*-SCH,)(CO)4(PMe,Ph)Cl
(I1). A 37-mg (0.0365-mmol) sample of Os3(u3-S)(us-n*>-SCH,)-
(CO)s(PMe,Ph) was dissolved in 15 mL of methylene chloride.

(9) (a) Huttner, G.; Schneider, J.; Muller, H. D.; Mohr, G.; von Seyerl,
J.; Wohlfart, L. Angew. Chem. Int. Ed. Engl. 1979, 18, 76. (b) Langen-
back, H. J.; Vahrenkamp, H. Chem. Ber. 1979, 112, 3390. (c) Langenback,
H. J.; Keller, E.; Vahrenkamp, H. Angew. Chem., Int., Ed. Engl. 1977,
16, 188. (d) Dawoodi, Z.; Mays, M. J.; Raithby, P. R. J. Chem. Soc.,
Chem. Commun. 1979, 721.

(10) Adams, R. D.; Katahira, D. A. Organometallics 1981, 1, 0000.

(11) Adams, R. D.; Golembeski, N. M.; Selegue, J. P. J. Organomet.
Chem. 1980, 193, C1.

(12) Adams, R. D.; Golembeski, N. M.; Selegue, J. P. J. Am. Chem.
Soc. 1981, 103, 546.

© 1982 American Chemical Society
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Table I. Crystallographic Data for X-ray Diffraction Studies

0s,CI8,PO,C,.H,, 0s,8,P,0,,C,,H,,

(A) Crystal Data

temp (5 °C)
space group
a, A

b, A

c, A

a, deg

8, deg

v, deg

V (A3?)

mol wt

Z

P caled> 8/em’

23 23

P2,/¢c, No, 14 P1l, No. 2
10.423 (2) 10.694 (2)
11.014 (5) 11.630(3)
22,743 (9) 12.675(2)
90.00 111.16 (2)
101.98 (3) 99.63 (2)
90.00 92.36 (2)
2554 (3) 1441 (1)
1047.5 1107.1

4 2

2.72 2.55

(B) Measurement of Intensity Data

radiation

monochromator

detector aperture, mm
horizontal (A + B tan g)
A
B
vertical

cryst faces

crystal size, mm
crystal orientatn: direction, deg from ¢ axis
reflctns measd
max 26, deg
scan type
w-scan width
(A + 0.347 tan 6)°
bkgd
w-scan rate (variable)
max, deg/min
min, deg/min
no. of refletns measd
data used (F? > 3.00(F)?)

Mo K« (0.710 78 A)

graphite
3.0
1.0
_ _ 4.0 o
210, 212, 012 101,414,012
012, 214, 214 012, 011, 011
0.12x 0.17x 0.17 0.12x 0.12x 0.21
normal to 012, 22.0 b* 13.3
hk,xl h,tk,xl
50 52
moving crystal-stationary counter
0.85 0.80
one-fourth additional scan at each end of scan
10.0 10.0
1.3 1.3
4718 5310
2689 4083

(C) Treatment of Data

abs correction
coeff, em™
grid
transmission coeff
max
min
P factor
final residuals
R,
R,
esd of unit wt
largest shift/error value on final cycle
largest peaks in final doff fpiroer. e /A?®

A solution of 12 M HCl-ethanol (1:1) was prepared, and 10 drops
were added to the methylene chloride solution. The yellow so-
lution was stirred 15 h at room temperature and became colorless.
IR spectra showed the reaction to be complete, and the solution
was then concentrated in vacuo to approximately 2-mL volume.
A 5-mL sample of pentane was added, and when the mixture was
cooled to —20 °C, a very pale yellow powder precipitated. Re-
crystallization of the pale yellow powder from CH,Cl,~octane
solutions gave 20 mg of II as crystals: yield 52%; mp 151.0-151.5
°C; IR (v CO), in methylene chloride) 2110 (m), 2095 (s), 2030
(s), 2022 (s), 1995 (m, br) cm™}; 'H NMR (4, in CDCly) 7.41 (m,
5H),4.40 (d,1 H),3.98 (d,1 H, 2Jy.4y = 11.0 Hz), 2.11 (d, 6 H,
2I{p_}.[ =98 HZ), -15.12 (d, 1 H, 2HP-H = 8.55 Hz).
Preparation of Os3(us-S)(uz-n2-SCH,)(CO),(PMe,Ph)[P-
(OMe);] (IIT). A solution of I (68.0 mg, 0.067 mmol) and P(OMe),
(0.1 mL) in 50 mL of hexane was heated to reflux for 8 h. Infrared
spectra indicated formation of a single product with no detectable
intermediates. Chromatography on alumina (acid, 6% water)
using benzene-hexane (3:7) gave a single yellow band. This was
collected, reduced to a yellow oil, dissolved in a minimum of
pentane, and precipitated at —78 °C. The product III was obtained
as a yellow powder (19.2 mg, 26%): mp 155-156 °C; IR (v (CO)

162 143

10X 10X 8 10x 10X 8
0.22 0.33

0.09 0.04

0.02 0.01

0.044 0.035
0.048 0.038

2.44 3.40

0.01 0.02

2.1 2.8

in hexane) 2080 (s), 2045 (s), 2002 (s), 1995 (m), 1970 (mw) cm™};
!H NMR (5 in CDCl,) 7.54-7.38 (m, 5 H, CgH;), 3.72 (d, 9 H, *Hpy
=11.0Hz OCHg), 2.27 (dd, 1H, 2JHH’ =114 Hz, JPH =111 HZ,
SCHH"), 2.20 (d, 3 H, *Hpy = 11.0 Hz, PCH,), 2.13 (d, 3 H, ?Hpy
=10.6 HZ, PCH3), 0.69 (dd, 1 H, 2JHH’ =114 HZ, JH’P =49 HZ,
SCHH’). :

Crystallographic Analyses. Crystals of IT and III suitable
for diffraction measurements were obtained by slow crystallization
from hexane solutions cooled to ~20 °C. All crystals were mounted
in thin-walled glass capillaries. Diffraction measurements were
made on an Enraf-Nonius CAD-4 fully automated four-circle
diffractometer using graphite-monochromatized Mo Ka radiation.
Unit cells were determined and refined from 25 randomly selected
reflections obtained by using the CAD-4 automatic search, center,
index, and least-squares routines. For I the space group P2,/c
was established from the systematic absences observed in the data.
For II the space group P1 was assumed and confirmed by the
successful solution and refinement of the structure. Crystal data
and data collections parameters are listed in Table I. All data
processing was performed on a Digital PDP 11/45 computer using
the Enraf-Nonius SDP program library (version 16). Absorption
corrections of a Gaussian integration type were applied to the data
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Table II. Final Fractional Atomic Coordinates, Thermal Parameters, and Their Esds
for HOs;(u3-S)(u3n*-SCH,)(CO),(PMe,Ph)C] (11)

atom x y z B, A atom x y z B,¢ A?
Os(1) 0.39227 (7) 0.23765(7) 0.11751 (3) C(2) 0.337(2) 0.109(2) 0.0669 (7) 2.6 (3)
Os(2) 0.74224 (8) 0.07582(7) 0.13494 (3) C(3) 0.619(2) ~0.031(3) 0.0927 (8) 2.8 (4)
Os(3) 0.59225(7) 0.39199(7) 0.18016(3) C(4) 0.873 (2) 0.014 (2) 0.950 (8) 3.7 (4)
Cl 0.9159 (5) 0.2057 (5) 0.1880(3) C(5) 0.788 (2) -0.041(2) 0.2004 (9) 4.1(5)
S(1) 0.5654 (5) 0.3312(4) 0.0757 (2) C(6) 0.580(2) 0.408(2) 0.2629 (8) 3.4 (4)
S(2) 0.5887 (5) 0.1710 (4) 0.1897 (2) C(7) 0.776 (2) 0.433 (2) 0.1999 (9) 4.4 (5)
P 0.2260 (5) 0.3504 (5) 0.0554 (2) C(8) 0.553 (2) 0.563 (2) 0.1629 (10) 5.0(5)
0O(1) 0.230(1) 0.144 (1) 0.2034 (6) 4.9(3) C(10) 0.251(2) 0.375(2) -0.0219(9) 4.1(5)
O(2) 0.295(1) 0.027 (1) 0.0363 (6) 4.5(3) C(11) 0.196(2) 0.502(2) 0.0829 (8) 2.9 (4)
0(3) 0.545(1) ~-0.099 (1) 0.0658(6) 50(3) C(12) 0.123(2) 0.514 (2) 0.1261(9) 4.8 (5)
O(4) 0.948(2) -0.023 (1) 0.0702(7) 59(4) C(13) 0.101(2) 0.631(2) 0.1504 (11) 5.9(6)
O(5) 0.806(2) -0.112 (1) 0.2374 (7) 6.3(4) C(14) 0.161(2) 0.725(2) 0.1298 (10) 4.9(5)
O(6) 0.572(1) 0.407 (1) 0.3118(6) 4.7(3) C(15) 0.234(2) 0.718(2) 0.0895(10) 5.1(5)
O(7) 0.879(2) 0.476 (2) 0.2102 (7) 7.1(4) C(16) 0.257(2) 0.603 (2) 0.0645 (9) 4.6 (5)
0(8) 0.543 (2) 0.664 (2) 0.1549 (7) 6.8(4) C(17) 0.693(2) 0.216 (2) 0.0684 (8) 2.9 (4)
(1) 0.288 (2) 0.181 (2) 0.1693 (8) 3.1(4) C(9) 0.062 (2) 0.278(2) 0.0427 (9) 4.5 (5)

atom B(1,1)® B(2,2) B(3,3) B(1,2) B(1,3) B(2,3)

0Os(1) 2,24 (3) 2.03 (3) 2.79(3) 0.01 (3) 0.70(3) 0.16 (3)

Os(2) 2.68(3) 2.56 (3) 3.63 (3) 0.49 (3) 0.96 (2) 0.11 (3)

Os(3) 2.69(3) 2.15(3) 3.44 (3) -0.23(3) 0.90(2) -0.29 (3)

p 3.0(2) 2.6 (2) 3.1(2) 0.4 (2) 0.6 (2) 0.2(2)

S(1) 2.9(2) 2.4 (2) 3.3(2) -0.3(2) 0.9(2) 0.1(2)

S(2) 2.6 (2) 2,2(2) 2.8(2) 0.0 (2) 0.6 (2) 0.0(2)

Cl 2.9(2) 4.6 (3) 6.0 (3) -0.3(2) 0.4 (2) ~0.3 (3)

@ Isotropic thermal parameters. ® The form of the anisotropic thermal parameter is exp(—1/.[B(1,1)h%a** + B(2,2)k*b*?

+ B(3,3)’c** + B(1,2)hka*b* + B(1,3)hla*c* + B(2,3)klb*c*]).

for both structures. Neutral atom scattering factors were cal-
culated by the standard procedures.!3® Anomalous dispersion
corrections were applied to all nonhydrogen atoms.!3® Full-matrix
least-squares refinements minimized the function 3 ,,w(|F,| —
|F )2, where w = 1/ o(F)?, o(F) = o(F?)/2F,, and o(F,?) = [6(I 4)?
+ (PF2)?}?/Lp.

The structure of II was solved by the heavy-atom method.
Hydrogen atom positions were calculated by assuming idealized
geometry and staggered rotational conformations in the cases of
the methyl groups. Hydrogen atom contributions were added to
the structure factor calculations but their positions were not
refined. Refinement converged with final values of the residuals
being R, = 0.044 and R, = 0.048.

The structure of III was solved by the heavy-atom method.
Hydrogen atom positions were calculated by assuming idealized
geometry and by employing located positions whenever possible.
The hydrogen atoms on the carbon atom of the thioformaldehyde
ligand were located in a difference Fourier synthesis. Hydrogen
atom contributions were added to the structure factor calculations,
but their positions were not refined. Refinement converged with
final values of the residuals being R; = 0.035 and R, = 0.038.

Final values of the fractional atomic coordinates, interatomic
distances, and angles with errors obtained from the inverse matrix
calculated on the final cycle of refinement for both structures are
listed in Tables II-VII. Structure factor amplitudes are available
for both structures (see supplementary material).

Results

The reaction of I with HCI yields a product which shows
a resonance at 6 —15.12 in its 'H NMR spectrum. This can
be attributed to a bridging metal hydride ligand that was
apparently produced by protonation of one of the metal-
metal bonds in I. Details of the molecular structure of 11
were established by a X-ray crystallographic analysis which
revealed the presence also of a chloride ligand.

The molecular structure of II is shown in Figure 1. The
molecule contains a group of three osmium atoms, but on
the basis of their internuclear separations, Os(1)-0s(3) =
2.834 (1) A, Os(1)-+0s(2) = 4.005 (1) &, and Os(2)--0s(3)

(13) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1975; Vol. IV: (a) Table 2.2B, pp 99-101; (b)
Table 2.3.1, pp 149-150.

Table III. Bond Distances (A) with Esds for
HOs,(13-8Xu;n*-SCH,)(CO),(PMe,Ph)CI (II)
Os(1)-0Os(3) 2.834 (1) S(1)-C(17) 1.872(12)
Os(3)-S(1) 2,427 (3) C(1)-0(1) 1.158 (14)
Os(3)-5(2) 2.445 (3) C(2)~-0(2) 1.167(13)
Os(3)-C(6) 1.919(13) C(3)-0(3) 1.162 (14)
Os(3)-C(7) 1.926 (16) C(4)~0(4) 1.130(14)
0s(3)-C(8) 1.952 (16) C(5)~0(5) 1.134 (15)
Os(2)-S(2) 2.457 (3) C(6)-0(6) 1.134 (13)
Os(2)-Cl 2,423 (4) C(7)~0(7) 1.151(17)
Os(2)-C(17) 2.147(12) C(8)-0(8) 1.125(16)
Os( 2)-C(3) 1.852(13) P-C(9) 1.853 (15)
0s(2)-C(4) 1.911(14) P-C(10) 1.851 (14)
Os(2)-C(5) 1.949(15) P-C(11) 1.835 (12)
Os(1)-P 2.350 (3) C(11)-C(12) 1.371(17)
Os(1)-S(1) 2,436 (3) C(12)-C(13) 1.441(20)
Os(1)~-S(2) 2.455(3) C(13)-C(14) 1.348(20)
Os(1)-C(1) 1.864 (13) C(14)-C(15) 1.309 (19)
Os(1)-C(2)  1.841(12) C(15)-C(18) 1.422(19)

C(11)-C(16) 1.382(18)

Figure 1. An ORTEP drawing of HOs3(u3-S)(ug-1>-SCHy) (CO)-
(PMeéPh)Cl (II) showing 50% electron density probability el-
lipsoids.
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Table IV. Intramolecular Angles (Deg) with Esds for HOs,(u,-S)(u;-n*-SCH, }(CO),(PMe,Ph)CI (II)

Os(3)-0s(1)-5(1) 54.21 (8)
0s(3)-0s(1)-5(2) 54.49 (7)
0Os(3)-0s(1)-P 111.08 (9)
0s(3)-0s(1)-C(1) 110.2 (4)
0s(3)-0s(1)-C( 2) 151.6 (3)
S(1)-0s(1)-S(2) 78.74 (10)
S$(1)-Os(1)-P 93.19 (12)
S(1)-0s(1)-C(1) 164.2 (4)
S(1)-0s(1)-C(2) 104.2 (3)
S(2)-0s(1)-P 165.50 (11)
S(2)-0s(1)-C(1) 89.5 (4)
S(2)-0s(1)-C(2) 107.4 (4)
P-Os(1)-C(1) 95.9 (4)
P-Os(1)-C(2) 86.6 (4)
C(1)-0s(1)-C(2) 89.4 (5)
S(2)-0s(2)-Cl 89.65 (11)
S(2)-0s(2)-C(3) 94.6 (4)
S(2)-0s(2)-C(4) 174.5 (4)
S(2)-0s( 2)-C(5) 88.7 (4)
S(2)-0s(2)-C(17) 88.0(3)
Cl-0s(2)-C(3) 175.7 (4)
C1-0s( 2)-C(4) 85.0 (4)
Cl-0s(2)-C(5) 88.2 (4)
Cl-0s(2)~C(17) 88.4 (3)
C(3)-0s(2)-C(4) 90.8 (6)
C(3)-0s(2)-C(5) 90.8 (6)
C(3)-0s(2)-C(17) 92.9 (5)
C(4)-0s(2)-C(5) 92.4 (6)
C(4)-0s(2)-C(17) 90.5 (5)
C(5)-0s(2)-C(17) 175.2 (5)
Os(1)-Os(3)-5(1) 54.51 (7)
0s(1)-0s(3)-S(2) 54.84 (8)
0Os(1)-0s(3)-C(8) 110.8 (4)
0s(1)-0s(3)-C(7) 148.2 (4)
0s(1)-0s(3)-C(8) 112.1 (5)
S(1)-0s(3)-S(2) 79.12 (10)
S(1)-0s(3)-C(6) 165.1 (4)

= 4,037 (1) A, there is only one metal-metal bond. The
group of metal atoms is held together a triply bridging
sulfide ligand and a triply bridging thioformaldehyde lig-
and. The osmium-sulfur distances (see Table III) are
similar to those found in 1.2 The sulfur atom of the
thioformaldehyde ligand bridges the Os(1)-0s(3) metal-
metal bond while the carbon atom is coordinated solely
to Os(2). The carbon-sulfur distance, C(17)-S, at 1.872
(12) A is very similar to that observed in I (1.869 (6) A)
and is indicative of single bond.!? Unexpectedly, a chloride
ligand was found bonded to Os(2), Os(2)-Cl = 2.423 (4)
A. The hydride ligand was not observed crystallograph-
ically but is believed to bridge the Os(1)~Os(3) bond in the
cavity circumscribed by the carbonyl ligands C(1)-0(1),
C(6)-0(8), and C(8)-0O(8) and the phosphine ligand. I also
contains eight linear terminal carbonyl ligands and a
phosphine distributed in the same way as those in I. The
shortest intermolecular contacts were between oxygen
atoms of the carbony! ligands and lay in the range
3.06-3.09 A.

The reaction of I with P(OMe); in refluxing hexane gives
III as the only isolable product. Its 'H NMR spectrum
indicates the presence of a P(OMe); ligand, but its site of
coordination could not be established. This was deter-
mined, however, by the use of a X-ray crystallographic
analysis.

The molecular structure of III is shown in Figure 2.
Overall III is simply a trimethyl phosphite substituted
derivative of I. The cluster contains three osmium atoms
with two metal-metal bonds, Os(1)-Os(2) = 2.894 (1) A,
Os(1)-0s(3) = 2.837 (1) A, 0s(2)--0s(3) = 4.079 (1) A.
There is a triply bridging sulfide ligand and a triply
bridging thioformaldehyde ligand. As found in I, the os-
mium-sulfur distances to the central osmium atom, Os(1),

$(1)-0s(3)-C(7) 101.5 (4)
S(1)-0s(3)-C(8) 95.4 (5)
S(2)-0s(3)-C(6) 89.8 (4)
S(2)-0s(3)-C(7) 104.3 (4)
S(2)-0s(3)-C(8) 166.7 (5)
C(6)-0s(3)-C(7) 90.9 (6)
C(6)-0s(3)-C(8) 93.2 (6)
C(7)-0s(3)-C(8) 88.6 (6)
0s(1)-S(1)-0s(3) 71.28 (9)
0s(1)-S(1)-C(17) 110.2 (4)
0s(3)-8(1)-C(17) 109.6 (4)
Os(1)-8(2)-O0s( 2) 109.24 (12)
0s(1)-S( 2)-0s(3) 70.67 (9)
Os(2)-S(2)-0s(3) 110.90 (12)
0s(2)-C(17)-8(1) 119.7 (6)
0s(1)-P-C(9) 114.2 (5)
0s(1)-P-C(10) 114.7 (5)
0s(1)-P-C(11) 115.6 (4)
C(9)-P-C(10) 102.9 (6)
C(9)-P-C(11) 103.2 (6)
C(10)~-P-C(11) 104.8 (6)
P-C(11)-C(12) 119 (1)
P-C(11)-C(16) 121 (1)
C(16)~C(11)-C(12) 120 (1)
C(11)-C(12)-C(13) 121 (1)

C(12)-C(13)-C(14) 116 (1)

©(13)~C(14)-C(15) 125 (2)
C(14)~C(15)-C(16) 120 (2)
C(15)-C(16)-C(11) 118(1)
0s(1)-C(1)~0(1) 177 (1)
0s(1)-C( 2)-0( 2) 176 (1)
Os(2)-C(3)-0(3) 178 (1)
0s(2)-C(4)-0(4) 178 (1)
0s(2)-C(5)~0(5) 175 (1)
0s(3)-C(6)-0(6) 175 (1)
0s(3)-C(7)-0(7) 170 (1)
0s(3)-C(8)-0(8) 173 (2)

are significantly longer than those to external osmium
atoms, Os(1)-S(1) = 2.435 (2) A and Os(1)-S(2) = 2.448
(1) A vs. 0s(2)-S(1) = 2.393 (2) A, 0s(2)-S(2) = 2.394 (2)
A, and 0s(3)-8(2) = 2.406 (2) A. The thioformaldehyde
carbon—sulfur distance, C(17)-S(1), at 1.837 (7) A is slightly
shorter than those in I and II, but this is probably not
significant. The two hydrogen atoms on C(17) were located
in a difference Fourier synthesis and are shown in the
figure at those sites. The trimethyl phosphite ligand is
coordinated to osmium Os(2), the same osmium atom
which contains the dimethylphenylphosphine ligand.
There are seven linear terminal carbonyl groups arranged
such that Os(1) and Os(3) have three each and Os(2) has
only one. The shortest intermolecular contact was between
the carbonyl oxygen atoms O(2) and O(3) at 3.003 (8) A.

Discussion

Upon reaction, I adds 1 equiv of HCI to form III in which
one metal-metal bond has been cleaved. Formally, the
reaction is equivalent to an oxidative addition of HCl
across a metal-metal bond in I. Mechanistically, we be-
lieve the reaction occurs in a sequence of two steps: (1)
a protonation of one of the metal-metal bonds in I followed
by (2) a nucleophilic addition of chloride ion which induced
the cleavage of the metal-metal bond. It is well-known
that protonic acids will protonate metal-metal bonds in
transition-metal cluster compounds, and we have observed
that I will react with protonic acids containing noncoor-
dinating counterions to give hydride-containing clusters.!®

(14) (a) Knight, K.; Mays, M. J. J. Chem. Soc. A 1970, 711. (b)
Deeming, A. J.; Johnson, B. F. G.; Lewis, J. Ibid. 1970, 2967. (c) Bryan,
E. G.; Jackson, W. G.; Johnson, B. F. G.; Kelland, J. W.; Lewis, J.;
Schorpp, K. T. J. Organomet. Chem. 1976, 108, 385.
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Table V. Final Fractional Atomic Coordinates, Thermal Parameters, and Their Esds
for Os,{(u;-S)(u,n?-SCH,)(CO),(PMe,Ph)[P(OMe),] (IIT)

atom x y z B,% A? atom x y z B,% A?
Os(1) 0.42952(4) 0.13164 (4) 0.25880(4) C(13) -0.1139(12) 0.3704(12) 0.3521(12) 5.3(3)
Os(2) 0.29937 (4) 0.31390(4) 0.18958 (4) C(14) —0.2146 (13) 0.4056 (14) 0.2996(13) 6.3 (4)
Os(3) 0.27106 (4) 0.15052(4) 0.42159(4) C(15) ~0.1996 (15) 0.4706(15) 0.2304 (15) 7.5(4)
S(1) 0.4400 (3) 0.3531(2) 0.3697 (3) C(16) -0.0803(14) 0.4964 (14) 0.2066(13) 6.3 (4)
S(2) 0.2004 (2) 0.1510(2) 0.2313 (2) C(17) 0.3479(10) 0.3421 (10) 0.4764(10) 3.2(2)
P(1) 0.1865 (3) 0.4829 (3) 0.2356 (3) C(18) 0.2614 (11) 0.6097 (11) 0.3698(11) 4.4 (3)
P(2) 0.1893 (3) 0.2302 (3) 0.0034 (3) C(19) 0.1672(12) 0.5597(12) 0.1330(12) 5.0(3)
0O(1) 0.6691 (8) 0.1193 (8) 0.4190(8) 5.2 (2) H(12)? 0.0796 0.3675 0.3688 5.0
0(2) 0.5710(10) 0.1477(9) 0.0738 (9) 7.3 (3) H(13)® -0.1252 0.3287 0.4045 5.0
0(3) 0.3611 (8) -—0.1507(8) 0.1458 (7) 4.8 (2)H(14)® -0.3018 0.3863 0.3066 5.0
0O(4) 0.4886 (9) 0.4704 (9) 0.1316 (9) 6.7 (3) H(15)® -0.2738 0.4999 0.1940 5.0
O(5) 0.0508 (10) 0.2277(10) 0.5482(10) 8.4 (3)H(16)® -0.0695 0.5397 0.1537 5.0
O(6) 0.1642(9) -0.1263(9) 0.3250 (9) 6.5(2) H(171)® 0.2773 0.3828 0.4648 5.0
o(7) 0.4702(9) 0.1480 (9) 0.6185 (9) 6.4 (2) H(172)® 0.4180 0.3848 0.5586 5.0
0(8) 0.2264 (8) 0.2846 (8) -—-0.0870(8) 5.3 (2) H(181)% 0.3320 0.6152 0.3477 5.0
0(9) 0.0416 (7) 0.2459(7) -0.0281(7) 4.7(2) H(182)% 0.2720 0.5877 0.4359 5.0
0O(10) 0.2028(8) 0.0859(8) -0.0534(7) 4.9(2) H(lSSZ” 0.2214 0.6835 0.3848 5.0
C(1) 0.5757 (9) 0.1245(9) 0.3572(9) 2.9(2) H(91) ~0.0547 0.1035 —0.0449 5.0
C(2) 0.5116 (12) 0.1462(12) 0.1419(12) 4.9(3) H(92)® -0.1328 0.2186 0.0099 5.0
C(3) 0.3888(10) —0.0435(10) 0.1842(10) 3.6(2) H(93)? -0.0232 0.1895 0.0901 5.0
C(4) 0.4139(11) 0.4097(11) 0.1527(11) 4.1(3) H(81)? 0.3906 0.2324 -0.0918 5.0
C(5) 0.1364 (13) 0.1986 (13) 0.5030(12) 5.6(3) H(82)? 0.3931 0.3441 -0.1170 5.0
C(6) 0.2074 (12) -0.0229(12) 0.3620(11) 4.8(3) H(83)? 0.3324 0.2160 -0.2085 5.0
) 0.3902 (11) 0.1468(11) 0.5432(10) 3.9(8) H(191)® 0.1280 0.5042 0.0581 5.0
C(8) 0.3413 (19) 0.2668(19) -0.1279(18) 10.5(6) H(192)® 0.1156 0.6273 0.1587 5.0
C(9) -0.0519(12) 0.1858(12) 0.0125(12) 5.3(3) H(193)%? 0.2488 0.5949 0.1293 5.0
C(10) 0.1461 (15) 0.0146(14) -0.1717 (14) 7.0(4) H(101)® 0.1623 -0.0726 ~0.1939 5.0
C(11) 0.0260(10) 0.4573(10) 0.2606(10) 3.7(3) H(102)? 0.0542 0.0133 -0.1868 5.0
C(12) 0.0076(12) 0.3943(12) 0.3307(11) 4.6(3) H(103)? 0.1780 0.0440 -0.2246 5.0

atom B(1,1)¢ B(2,2) B(3,3) B(1,2) B1,3) B(2,3)

Os(1) 3.02(2) 2.37(2) 2.64 (2) 0.43 (1) 0.45(1) 0.85 (1)

Os( 2) 2.60(2) 2.45 (1) 2.97 (2) 0.11(1) 0.42 (1) 1.25(1)

Os(3) 3.99(2) 2.72(2) 2.97(2) 0.25(1) 0.92 (2) 1.24 (1)

S(1) 3.0(1) 2.2(1) 3.5(1) -0.01(9) 0.1(1) 0.96 (9)

S(2) 3.0(1) 2.3 (1) 3.1(1) ~0.07 (9) 0.43 (9) 0.96 (8)

P(1) 3.4 (1) 2.5 (1) 3.7(1) 0.3 (1) 0.2(1) 1.21 (9)

P(2) 3.7(1) 3.6(1) 3.1(1) 0.3 (1) 0.6 (1) 1.54 (9)
@ Isotropic thermal parameters. ° Hydrogen atom positions were not refined. ¢ The form of the anisotropic thermal

parameter is exp(!/,[B(1,1)h*a** + B(2,2)k*b** + B(3,3)*c** + B(1,2)hka*b* + B(1,3)hla*c* + B(2,3)kib*c*]).

Table VI.

Interatomic Distances (A) with Esds for

Os;(u3-8)(u3n*-SCH, )(CO),(PMe,Ph)[P(OMe),] (III)

remaining osmium atom and yields II. As the electron pair
from the chloride ion is added to the metal atom, the

Os(1)-0s(2) 2.894 (1) P(1)-C(19) 1.816 (8) metal-metal bond is cleaved in order to maintain that
Os(1)-0s(8) 2.837(1) C(11)-C(12) 1.371(9) metal atom’s 18-electron configuration.

Os(2)0s(3) 4.079(1) (C(12)-C(13) 1.407(10) b

Os(1)-S(1) = 2.435(2) C(138)-C(14) 1.328(10) S .

Os(1)-S(2)  2.448(1) C(14)-C(15) 1.371(12) sk,

Os(1)-C(1)  1.855(6) C(15)-C(16) 1.404 (11) A, ,f i

0s(1)-C(2) 1.897(9) C(16)-C(11) 1.406(10) +H* e - Q

Os(1)-C(3) 1.906 (7) P(2)-0(8) 1.590(6) p / A P

0s(2)-S(1) 2.393 (2) P(2)-0(9) 1.597 (5) —\o{\ :/Os\\s o
0s(2)-8(2) 2.394 (2) P(2)-0(10)  1.593 (5) Ns—cH, +HCl ~CHg
Os(2)-P(1)  2.294 (2) O(8)-C(8) 1.407 (12) _O'sé‘s oe” H\O /s — Q8-
Os(2)-P(2)  2.284 (2) 0(9)-C(9) 1.460 (9) a P =5 ci
0s(2)-C(4) 1.848(7) O(10)-C(10) 1.436 (10) 1 I

Os(3)-8(2) 2.406(2) C(1)-0(1) 1.180 (8) Wogp\\ P

0s(3)-C(5) 1.897(9) C(2)-0(2) 1.159 (9) * PloMely N

Os(3)-C(6)  1.928(8) C(3)-0(3) 1.167 (7) ] \g—C\Hz

Os(3)-C(7)  1.843 (7) ©C(4)-0(4) 1.170 (8) ~ 0572 =7

0s(3)-C(17) 2.160(8) C(5)-O(5) 1.159 (9) -

S(1)-C(17 1.837 (7 -0(6 1.164 (8

pg 1;-CE 11; 1.828 57% 8((91;{)%7; 1.166 g,/g The addition of HCI to I differs significantly from the
P(1)-C(18) 1.828(8) 8(1)--8(2) 3.192(2) addition of HCI to the mononuclear thioformaldehyde

An intermediate like A where the hydride ligand bridges
the metal-metal bond to which the osmium atom con-
taining the electron-rich phosphine ligand is attached
seems to be very likely. The chloride ion then adds to the

(15) Adams, R. D.; Selegue, J. P., unpublished results.

complex Os(n%-SCHy)(CO),(PPhy),.® In the latter reaction
hydrogen is transferred to the carbon atom of the thio-
formaldehyde ligand and chlorine is added to the metal
atom to give the methanethiolate complex OsCl(SMe)-
(CO)o(PPhy),. This reacts further with HCI to give
methanethiol and OsCl,(CO),(PPhy,),.

(16) Collins, T. J.; Roper, W. R. J. Organomet. Chem. 1978, 159, 73.
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Table VII. Interatomic Angles (Deg) with Esds for Os,(u;-S)(1;-n*-SCH,)(CO),(PMe,Ph)[P(OMe),] (III)

0s(2)-0s(1)-0s(3) 90.73 (1)
0s(2)-0s(1)-S(1) 52.49 (4)
0s(2)-0s(1)-5(2) 52.45 (4)
0s(2)-0s(1)-C(1) 139.0(2)
0s(2)-0s(1)-C(2) 75.9 (2)
0Os(2)-0s(1)-C(3) 125.0 (2)
0s(3)-0s(1)-S(1) 75.03 (4)
0s(3)-0s(1)-S(2) 53.55 (4)
0s(3)-0s(1)-C(1) 93.7 (2)
0s(3)-0s(1)-C(2) 166.6 (2)
0s(3)-0s(1)-C(3) 93.4 (2)
S(1)-0s(1)-S(2) 81.62 (5)
S(1)-0s(1)-C(1) 89.5 (2)
S(1)-0s(1)-C(2) 96.6 (2)
S(1)-0s(1)-C(3) 167.8(2)
$(2)-0s(1)-C(1) 147.2(2)
$(2)-0s(1)-C(2) 115.5 (2)
S(2)-0s(1)-C(3) 88.2(2)
C(1)-0s(1)-C(2) 96.8 (3)
C(1)-0s(1)-C(3) 95.4 (3)
C(2)-0s(1)-C(3) 94.0 (3)
0s(1)-0s(2)-S(1) 53.85 (4)
0s(1)-0s( 2)-S(2) 54.16 (4)
0s(1)-0s(2)-P(1) 148.91 (5)
0s(1)-0s(2)-P(2) 111.92 (5)
0s(1)-0s(2)-C(4) 109.7 (2)
S(1)-0s(2)-S(2) 83.64 (5)
S(1)-Os(2)-P(1) 101.42(6)
S(1)-Os(2)-P(2) 165.22 (6)
S(1)-0s(2)-C(4) 90.0 (2)
S(2)-0s(2)-P(1) 110.36 (6)
S(2)-0s( 2)-P(2) 90.35 (6)
S(2)-0s(2)-C(4) 163.1(2)
P(1)-0s(2)-P(2) 93.33 (6)
P(1)-0s(2)-C(4) 86.2(2)
P(2)-0s(2)-C(4) 92.0 (2)
0s(1)-0s(3)-S(2) 54.93 (4)
0s(1)-0s(3)-C(5) 159.3 (3)
0Os(1)-0s(3)-C(6) 96.3 (2)
0s(1)-0s(3)-C(7) 100.0 (2)
0s(1)-0s(3)-C(17) 79.4 (2)
$(2)-0s(3)-C( 5) 107.1(8)
S(2)-0s(3)-C(6) 88.3 (2)
$(2)-0s(3)-C(7) 154.9 (2)

Figure 2. An ORTEP drawing of Os(us-S)(ug-n*-SCH,)(CO)+-
(PMe,Ph)[P(OMe);] (I11) showing 50% electron density proba-
bility ellipsoids.. Atoms H(171) and H(172) are shown with ar-
tificially reduced temperature factors.

Somewhat surprisingly the addition of trimethyl phos-
phite to I follows a different course. The phosphite ligand
apparently attacks the cluster at the phosphine-substituted
osmium atom and leads to CO substitution not metal-
metal bond cleavage although the traversal of a transient

S(2)-0s(3)-C(17) 88.4 (2)
C(5)-0s(3)-C(8) 93.0 (3)
C(5)-0s(3)-C(7) 97.3 (3)
C(5)-0s(3)-C(17) 90.7 (3)
C(6)-0s(3)-C(7) 96.3 (3)
C(6)-0s(3)-C(17) 175.6 (3)
C(7)-0s(3)-C(17) 85.5 (3)
0s(1)-8(1)-C(17) 97.5 (2)
0s(2)-S(1)-C(17) 109.9(2)
0s(1)-5(1)-0s(2) 73.66 (5)
0s(3)-C(17)-8(1) 107.4 (3)
0s(1)-S(2)-0s(2) 78.40 (4)
0s(1)-5(2)-0s(3) 71.52 (4)
0s(2)-5(2)-0s(3) 116.34 (6)
0s(2)-P(1)-C(18) 113.6 (2)
0s(2)-P(1)-C(19) 115.6 (3)
0s(2)-P(1)-C(11) 116.4 (2)
C(18)-P(1)-C(19) 102.2 (8)
C(18)-P(1)-C(11) 102.1 (3)
C(19)-P(1)-C(11) 105.2 (3)
P(1)-C(11)-C(12) 119.4 (5)
P(1)-C(11)-C(16) 121.8 (6)
C(16)-C(11)-C(12) 118.8 (7)
C(11)-C(12)-C(13) 122.0 (7)
C(12)-C(18)-C(14) 119.2(8)
C(13)-C(14)-C(15) 120.4 (9)
C(14)-C(15)-C(16) 122.2 (9)
C(15)-C(16)-C(11) 117.3 (9)
0s(2)-P(2)-0(8) 118.6 (2)
0s(2)-P(2)-0(9) 121.1(2)
0s(2)-P(2)-0(10) 111.3 (2)
0(8)~P(2)~0(9) 92.8 (2)
0(8)-P(2)-0(10) 103.9 (3)
0(9)-P(2)-0(10) 92.0 (3)
P(2)-0(8)-C(8) 123.2 (6)
P(2)-0(9)-C(9) 119.3 (4)
P(2)-0(10)-C(10) 121.2 (5)
0s(1)-C(1)-0(1) 179.4 (8)
0s(1)-C(2)-0( 2) 172.9(7)
0s(1)-C(3)-0(3) 175.0 (6)
0s(2)-C(4)-0(4) 178.4 ()
0s(3)-C(5)-0(5) 177.0 (8)
0s(3)-C(6)-0(6) 174.4 (8)
0s(3)-C(7)-0(7) 176.4 (6)

intermediate with a cleaved metal-metal bond cannot be
ruled out at this time.

In both cases the apparent nucleophilic additions have
occurred at the external osmium atoms of the cluster. This
seems to be reasonable since the internal osmium atom
which is bonded to two other metal atoms would probably
be more electron rich than the others and thus would be
less likely to accept a nucleophile. All the factors which
influence which of the external osmium atoms is actually
attacked by a given nucleophile cannot be ascertained at
this time, but the prior addition of a proton to one of the
metal-metal bonds could be an important one in the case
of the addition of HCI.
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Although Lewis dot structures would lead to the expectation of an AlC double bond in AICH,, Fox, Ray,
Rubesin, and Schaefer III found strong evidence for a single bond from high accuracy ab initio calculations.
These calculations have been extended by generating ab initio wave functions for AICH,, BCH,, HAICH,,
and HBCH, and making comparisons between them. The ground and first excited states of AICH, are
found to be single bonded: BCH,; and HBCH, possess double bonds; HAICH, is intermediate. The origin
of these results has been investigated by analysis of orbital compositions, charge density difference maps,
and energies. Considerable insight has been gained into the long-standing problem of multiple vs. single
bonding in the second and third rows of the periodic table. Our results also suggest that control of Al
substituent electronegativity can impose AlC bond order changes from 1 to 2.

Introduction

This paper is an extension of the recent important study
by Fox, Ray, Rubesin, and Schaefer! on the organometallic
model compounds AICH;, AICH,, and AICH. The mole-
cule AICH, is of particular note because its dissociation
energy, dipole moment, and bond length in the ground
state is more representative of the Lewis dot structure,
:Al—CH,, than the expected double bonded structure,
-Al=CH,. Thus, Schaefer et al. found the optimized Al—C
bond length in AICH, (using a double-{ basis set) to be
1.989 A while a value of 2.013 A was obtained for AICH;.
Dissociation energies (using a double-{ plus polarization
basis and a two reference state CI) were 77.4 kcal/mol
(Al—CH,) and 67.8 kcal/mol (AlI—CHj,).

One reason for special interest in these species is the
long-standing question of multiple bonding between atoms
of the second and third rows. In this respect we investigate
some aspects of the AI—C bonding in AICH, by compar-
ative calculations on AICH,, HAICH, and their boron
analogues BCH, and HBCH,.

Method

Energy-optimized geometries of AICH,, BCH,, HAICH,,
and HBCH,, were determined ab initio by using the STO-
3G basis set? in GAUSSIAN 70° (see Figure 1) with the force
relaxation scheme of Pulay.* For reference, STO-3G op-
timized geometries of HAI, HB, and CH, are also reported
(Figure 1). All open-shell SCF calculations were performed
by using UHF wave functions, and closed-shells were
calculated RHF.

In general, STO-3G level calculations have been found
to give reliable geometries and our energy-optimized Al—C
bond length in 2B, AICH, (1.948 A) compares well with the
value calculated by Schaefer et al. (1.989 A). We also find
that our ground-state energy level ordering (?B;: 1a,% 1by?
2a,2, 1b,, 3a,%) agrees with Schaefer’s larger basis set. This
substantial agreement supports the belief that the ST0-3G

(1) Fox, D. J.; Ray, D.; Rubesin, P. C.; Schaefer, H. F., III, J. Chem.
Phys. 1980, 73, 3246.

(2) Hehre, W. J.; Stewart, R. F.; Pople, J. A, J. Chem. Phys. 1969, 51,
2657.

(3) Hehre, W. H.; Ditchfield, R.; Pople, J. A.; Latham, W.; Newton,
M. D. GaussiaN 70, QCPE 1973, No. 236.

(4) Pulay, P. Mol. Phys. 1969, 17, 197.

(5) Because of the formation of a coordinate covalent bond in the
ground state the dipole moment is much smaller than might be expected
on the basis of a simple charge-transfer process. A charge transfer to the
1b; methylene orbital (leading to the 2A, excited state) does not permit
the formation of the covalent coordinate bond and results in a higher
dipole moment. (Schaefer reports a dipole moment of 3.15 D for the 2A,
state and 0.74 D for the 2B, ground state.)

0276-7333/82/2301-0246$01.25/0

basis set is adequate for explaining the qualitative nature
of the bonding and characterizing the essential differences
between the molecules in this study.

AICH, and BCH,. Energy Levels. Insight into why
Al—C is a single bond in AICH, can be gained from the
one-electron energy levels of AICH, (ground-state ?B,) and
its fragments %P Al and 3B, CH, (Figure 2a and Table I).
Several features should be noted.

First, the orbital ordering shows a singly occupied 1b,
in AICH, falling below the double occupied 3a;. This
arises from the reduction in electron—electron repulsion
upon removing one electron from the closed-shell species
AICH,". Removal of an electron from the 1b; results in
a large stabilization of the remaining 1b, electron and a
smaller stabilization of the 3a, electrons. This difference
is accentuated by the large spatial separation of the 1b,
and 3a; orbitals (the 1b,; is primarily a perpendicular p
orbital on carbon while the 3a, is a largely s lone pair on
Al). A lesser effect is the differential stabilization of the
« orbitals as a result of removing a 1b; 8 electron. As
shown, this splitting is greatest for those orbitals nearest
the 1b; 8 “hole” (i.e., 1a;). The reverse of this argument
can be applied to the removal of a single electron from the
3a,® orbital. In this case, the remaining 3a, orbital would
be expected to fall below the double-occupied 1b, orbitals
again because of the reduction in electron—electron re-
pulsion. This in fact happens in BCH, (Figure 2b and
Table I), leading to a %A, ground state. The 1b, itself mixes
with the p, of B where it did not in Al

The second striking feature of the orbital level diagram
for AICH, (Figure 2a) is the destabilization of the
“methylene” orbitals, namely, the 1a;, 1b,, 2a;, and 1b,
orbitals. This destabilization is countered by a large drop
in the energy of the single Al p electron and the formation
of the Al—C single bond (primarily the 2a, orbital). Be-
cause of the sizeable electronegativity difference between
Al and C, the methylene-like orbitals gain charge (desta-
bilization) while Al loses charge (stabilization). That
AICH, should behave in this fashion can be seen in a third
feature of the orbital level diagram—the single occupied
orbitals of methylene (2a; and 1b,) fall below the doubly
occupied Al 3s. Thus there is a mismatch of orbital en-
ergies. The 3s orbitals are not well suited for mixing with
the methylene orbitals, but the 3p orbitals are much worse:
in essence, the p’s do not contribute greatly to the bonding.
Instead, the lone p electron of Al will occupy the “s-like”
2a, bonding orbital and the 3s electrons will become the
3a; “s-like” lone pair. This can be formally likened to a
charge-transfer process (to the 2a; of methylene) followed
by the formation of a coordinate-covalent bond to Al?®

© 1982 American Chemical Society
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Figure 1. Optimized geometrical parameters (STO-3G) for AICH,, BCH,, HAICH,, HBCH,, HA], HB, and CH,.
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Figure 2. One-electron energy levels for « orbitals in (a) AICH; and (b) BCH,. All energies are in hartrees.

Table I. Molecular Orbital Energy Eigenvalues?

AlCH, BCH,

- P . ; HAICH, HBCH,
3a, —-0.1553 -0.1393 1hb, -0.2635 -0.3012 1b, ~0.1350 1b, -0.2739
1b, -0.2681 3a, -0.3744 3a, —0.3286 3a, -0.4950
2a, —-0.4038 -0.3371 1b, -0.5041 ~0.5129 1b, -0.4229 1b, —0.5148
1b, -0.4460 ~-0.4304 2a, -0.5506 -0.4960 2a, -0.4790 2a, -0.5928
la, -0.8079 -0.7033 la, ~0.8259 -0.8672 la, -0.7390 la, -0.8623

% Energies are in hartrees.

For BCH, there is a strong stabilization of the 2a; orbital
upon formation of the B—C single bond consistent with
the small difference in energy between the CH; 2a, orbital
and the B 2s orbital. The 3a; orbital, made up from
out-of-phase CH, and boron contributions, is stabilized by
mixing with the unoccupied p, orbital on B. This is pos-
sible for BCH, because the boron levels lie much closer to
the CH; levels. The degree of charge transfer is much less
in BCH, also. Thus there is only a slight destabilization

of the 1a, methylene-like orbital while the 1b, orbital is
essentially unchanged. In summary, the most important
feature of Figure 2 is the stabilization of the 2s and 2p B
orbitals relative to Al. The p orbitals are low enough to
participate in the bonding leading to s,p mixing in the a;
orbitals and = formation in the 1b, orbitals of BCH,.
Lewis Structures. In spite of modern advances in
bonding theory, Lewis dot structures remain a remarkably
powerful aid in guiding qualitative thinking® It is
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Table II. = orbital (1b,) Mulliken Populations
for M= Al and B

M (%) C (%)
AICH, 0.1142 (11) 0.9649 (89)
BCH, 0.8877 (44) 1.1096 (56)
HAICH, 0.5673 (28) 1.4855 (72)
HBCH, 0.8396 (42) 1.1603 (58)

therefore important to explore cases where a breakdown
in the Lewis representation occurs, to make connection
between Lewis structures and the quantum calculations,
and to establish criteria that can help anticipate such cases.
In contrast to the expected double bond in AICH,, the
actual ?B, ground state is best pictured as :Al—CH,. This
structure is entirely compatible with its Al—C bond length,
Al—C dissociation energy, and small dipole moment (0.74
D). The 2A, state, now the first excited state instead of
the expected ground state, contains an AIC double bond
as one of the resonance contributors

-Al=CH, < -Al*—CH,"

We can estimate the dissociation energy of the 2A, state
and compare it to that of the ZB, ground state in order to
ascertain which of the above resonance contributors has
the largest weight. The 2A; separates at infinity to 2P Al
+ 1A, CH, which was been recently determined to be 10.9
kcal/mol higher” than the 2P Al plus 3B, CH, separation
of the B, ground state. Combining this value with the 22.9
kcal/mol %A, ~ 2B, energy difference obtained from the
double { with polarization plus CI calculation of Schaefer
et al.! yields a 2A, dissociation energy of 65.4 kcal/mol, a
smaller value than that of ?B; AICH, or Al—CH,;. This
line of reasoning points to the -Al*—CH,™ Lewis structure
as a strong contributor (in spite of its six bonding electrons
compared to eight in the double-bonding structure), and
this assignment is supported by the 3.14 D dipole moment
computed for the 2A;. On the other hand, the internuclear
separation is 1.802 A, only 5% greater than the double
bond length predicted form the average single-to-double
bond length ratio generally observed.? As in the 2B, ground
state, the origin of the reduced bond strength is mismatch
in orbital energies between Al and methylene, in this case
the Al p, with 1b, in CH,. (Schaefer et al.! found a sim-
ilarly weak bond with an extremely short (1.668 A) AIC
length in 1=+ AICH.) For BCH, the single structure,
-B=CH,, is an adequate representation; the ionic structure
can be eliminated by the usual arguments of formal charges
{plus fewer bonding electrons).

As shown by the orbital energy levels discussed later,
addition of hydrogen to BCH, leads to the expected Lewis
dot structure H—B=CH,. Addition of H to AICH,, on
the other hand, shortens the AIC bond length by exactly
that ratio expected in going from a single to a double bond.
Nevertheless the AIC bond retains considerable ionic
character and the two resonance contributors analogous
to those for 2A; AICH, are also those which must be con-
sidered here. As in that case, the bond strength is less,
and the bond more polar, than that suggested by its length
and associated Lewis structure, but there is considerably
more double-bond character in HAICH, than in 2A, AICH,.

(6) DeKock, R. L.; Gray, H. B. “Chemical Structure and Bonding”,
Benjamin/Cummings: New York, 1980. Huheey, J. E. “Inorganic
Chemistry™; Harper and Row: New York, 1978. Purcell, K. F.; Kotz, J.
C. “Inorganic Chemistry”; W. B. Saunders: Philadelphia, Pa., 1977.

(7) Bauschlicher, C. W.; Shavitt, L. J. Am. Chem. Soc. 1978, 100, 739.
As discussed in this article, there is one experimental measurement that
suggests a °B; — A, separation of 19.5 kcal/mol, but the resulting binding
energy of 2A, AICH, would still be less than that of its 2B, ground state.

Cook and Allen

The ability of a singly occupied orbital of intermediate
electronegativity (like H) to significantly modify the alu-
minum carbon bond suggests the large range of organo-
aluminum compounds potentially available. It also sug-
gests that a highly electronegative substituent should
produce a full AIC double bond.

Orbital Compesition. The molecular orbital shapes®
(Figure 3a) further elucidate the bonding in AICH,. Be-
cause of the large differences in orbital energies between
the aluminum and methylene, the lowest orbitals (1a, and
1b,) are essentially unchanged from their parent methylene
orbitals. The 2a; orbital consists largely of the methylene
2a, with a small out-of-phase Al s contribution and can be
interpreted as a coordinate covalent bond (recall that in
the parent CH, orbitals, the 2a, is only singly occupied).
The singly occupied 1b, is almost entirely localized on the
carbon atom, thereby excluding the formation of even a
partial m bond. Finally, the doubly occupied 3a, shows a
lone pair directed away from the Al—C bond and has a
high degree of s character consistent with the poor ener-
getics of the Al p orbitals. The directionality of the lone
pair is obtained by an out-of-phase mixing with the
methylene 2a, orbital. The region of positive polarity
enclosing the aluminum nuclei is primarily due to the
radial node of the 3s orbital.

The bonding in BCH, stands in sharp contrast to that
in AICH,. The B—C bond is unequivocally a double bond
as shown by the shortening of the BC bond distance from
1.558 A in BCH, to 1.392 A in BCH, and by the shape of
the 1b; 7 orbital (Figure 3b). A comparison of the p,
Mulliken populations (Table I) displays a well-shared
density between boron and carbon (44% on boron) while
the singly occupied 1b; in AICH, is 89% on the carbon.
The 1a, orbitals in BCH, largely retain their CH, char-
acter, stabilized by a weak in-phase interaction with a B
sp orbital. The 2a, orbitals form the B—C o bond from
an in-phase combination of the CH, 2a, and the boron s
and p, orbitals. The 2a,* orbital is stabilized relative to
the 2a, orbital (because of the Fermi hole arising from the
singly occupied 3a;* orbital) and has more 2s character
than the 2a;°. The 1b, orbitals are virtually unchanged
from the CH, fragment. The singly occupied 3a; consists
of an sp hybrid on boron directed away from the CH, and
a smaller contribution from the 2a; CH, orbital in-phase
with the tail of the B sp hybrid. Finally, the doubly oc-
cupied 1b, is a pair of 7 spin orbitals with the « orbital
polarized toward the boron (toward the Fermi hole) and
the 3 orbital polarized toward carbon. The net polarization
(as shown in Table I) is toward carbon.

Charge Density Difference Plots. The large differ-
ences in the bonding between AICH, and BCH, is further
illustrated in the charge density difference plots shown in
Figure 4. These plots were generated from the total
density minus the density of a spherically averaged Al (or
B) atom (*P ground state) and the density of the CH,
biradical. This choice of reference fragments corresponds
to that used in the MO splitting diagram, and the resultant
plot shows the change in electron density upon formation
of the bond. Both density plots are presented as two half
planes through the C,, axis. The xz plane contains the
hydrogen atoms; the yz plane bisects the HCH angle.

The charge density difference plot for BCH, shows a
large concentration of density in the yz plane at the ex-
pense of density in the xz plane. This shift is associated
with the formation of the B—C = bond. (Since the ref-
erence density is based on spherically averaged boron

(8) Jorgensen, W. L. QCPE 1977, No. 340.
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Figure 3. a. Valence orbitals for AICH, (a spin). b. Valence orbitals for BCH, (« spin).

density, this shift reflects the orientation of the lone 2p
electron of boron along the y axis.) There is also a large
gain in charge along the B—C bond associated with the
formation of the ¢ bond. The shape of this region, espe-
cially in the xz plane, is indicative of the covalent nature
of the bond: both atoms contribute electrons to the region.
Finally, there is a slight loss of density around the hy-
drogen atoms (relative to CH,) and a gain in the region
between them consistent with the increase in the HCH
angle.

The corresponding plot for AICH, shows a large loss in
both the xz and yz planes in the region associated with the
Al 3p, and 3p, orbitals and in the region along the AI—C
bond nearest the aluminum. There is a large gain along
the z axis both between the Al and C and in the Al lone
pair region. The latter is due to the strong polarization
of charge away from the Al as indicated in the 3a, mo-
lecular orbital. The shape of the charge gain between the
atoms is significantly different than in the boron case.
Here the pattern is dominated by the gain of charge in the
methylene 2a, region and not by a sharing of charge. The
pattern is essentially that of an ionic bond. (The smallness

of the dipole moment is understandable: the dipole arising
from the ionic bond is reduced by the polarization of the
Al 3s electrons and by the small spatial separation of the
component charges—which in turn is due to the hybrid-
ization of the carbon.) Also unlike the density in BCH,
there is a region of large charge gain near the hydrogen
atoms. This is another indication of the net gain on CH,
by charge transfer from the aluminum. It is interesting
that except for this region, the charge density difference
plot has virtually pure o symmetry.

HAICH; and HBCH,. To examine the effect of ad-
ditional ligands on aluminum and boron, we have also
carried out calculations for HAICH, and HBCH,? (geom-
etries given in Figure 1). The AIC bond length in HAICH,
showed a considerable shortening relative to AICH, (0.264
A) while the BC bond length in HBCH, shortened only
0.054 A compared to that of BCH,. This is indicative of
the formation of at least a partial aluminum carbon double
bond.’® Since the 3a, orbital of AICH, is doubly occupied,

(9) Previously reported: Dill, J. D.; Schleyer, P. v. R.; Pople, J. A. J.
Am. Chem. Soc. 1975, 97, 3402.
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X X
Figure 4. Charge density difference maps, AICH, (left), BCH, (right). Total charge density minus spherical Al (B) minus CH; diradical
in plane of molecule (xz) and the perpendicular plane (yz): solid lines, gain relative to separated fragments; dotted lines, loss; dashed
lines, zero contour. Lowest gain (loss) contour is 0.000 316 e~ /a,?; successive contours increase by 10%/2,

1b,
3a 1
1by
281
131
Figure 5. a. Valence orbitals for HAICH,. b. Valence orbitals for HBCH,.
it is easiest to view the formation of HAICH, as a pro- electron to the LUMO 1b,® orbital. The orbitals in

tonation of the Al lone pair followed by the addition of an HAICH, and HBCH, are compared in parts a and b, re-
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spectively, of Figure 5. The principal effect of the hy-
drogen is stabilization of the 3a; orbital and withdrawal
of charge from the aluminum. The charge withdrawal has
two effects. First, it stabilizes the 3s Al orbitals by in-
creasing the positive charge on Al, thus allowing them to
participate more fully in bonding. Secondly, it greatly

(10) As suggested by a reviewer, a thermodynamic measure of the
degree of XC double bonding in these compounds as well as AICH; and
BCH, might be obtained by considering isodesmic reactions of the form

HXCH, + XH, — XCH, + XH,., 18
XH,+XH,>XH+XH,,, X=B,An=0,1,2  (2)

In the table below we give heats of reaction for these two reactions with
the same basis set employed throughout our study.

AE . .
keal /rr;ll,ol reaction 1 reaction 2
n X=Al X=B X = Al X=B
4] —66.0 +29.7 —142.5 —48.1
1 +76.5 +717.8 0.0 0.0
2 -177.3 —87.3 —253.8 —-165.1

1t is clear from the energies for the second reaction that bonding to either
Al or B is very sensitive to the value of n. This variability makes it
difficult to evaluate changes in the XC bonding from reaction 1. Al-
though the trends are interesting and worthy of future study, the dif-
ferences in spin multiplicity and coordination number make a detailed
analysis at the minimal basis set level impractical.

reduces the electron—electron repulsion between the 2a,
and the 3a, orbitals. Both effects will tend to reduce the
Al—C bond length. A shorter bond length also increases
the Al 3p,—C 2p, overlap leading to additional stabiliza-
tion of the 1b, orbital. We note, however, that the relative
Mulliken population of the 1b, orbital on the Al is only
28% (11% in AICH,) and thus remains highly polarized.

Note Added in Proof, We have implicitly assumed the
BC double bonded species, B=CH, and HB=CH,, to be
the expected and normally occurring reference compounds.
However, BC double bonds have not, in fact, been observed
(Onak, Thomas “Organoborane Chemistry”; Academic
Press: New York, 1975; p 4). This fact undoubtedly de-
rives from the relative stability of isomers with BC single
bonds and therefore does not invalidate the BC double
bonds we have calculated. It may actually enhance the
value of our computational results because they elucidate
the nature of a bond which has proved difficult to isolate
experimentally.

Acknowledgment. We wish to thank the NIH (Grant
GM 26462) for financial support.

Registry No. AICH,, 76392-50-2; BCH,, 79435-75-9; HAICH,,
79435.76-0; HBCH,, 56125-75-8.

The Molybdenum-Molybdenum Triple Bond. 11.' 1,1- and
1,2-Disubstituted Dimolybdenum Compounds of Formula
Mo, X,(CH,SiMe;), (M=M). Observation of Rotation about the
Triple Bond
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The preparation and characterization of a series of compounds of general formula Mo, X,R, (M=M),
where X = Br, Me, 0-i-Pr, O-t-Bu, and NMe, and R = CH,SiMes, are reported. The pattern of substitution
may be 1,1-, X,RMo=MOoRj, or 1,2-, XR;Mo=MOoR,X, depending upon the nature of X and the preparative
route. The 1,1- and 1,2-Mo,X,;R, compounds do not isomerize, demonstrating the existence of a high kinetic
barrier to R and X group transfer between molybdenum atoms. Alkyl group transfer may occur during
the substitution reaction: 1,2-Mo,Br,R, and LiNMe, (2 equiv) yield 1,1-Moy,(NMe,);R,, whereas 1,2-Mo,Br,R,
and HNMe, yield 1,2-Mo,(NMe,),R,. The formation of one isomer of Mo,(NMe,),R, must occur by kinetic
control. Variable-temperature *H NMR spectra for 1,1- and 1,2-Mo,(NMey),R, compounds provide the
first observation of rotation about the Mo=Mo bond. The energy barriers to rotation are reconcilable
with steric restraints. By contrast, the barriers to rotations about Mo—N bonds in the 1,1- and 1,2-
Mo,(NMe,),R, compounds are AG* (kcal mol™) = 11.5 & 0.5 and 15.0 = 0.5, respectively, and the difference
is correlated with electronic factors. The structure of 1,2-Mo,(0-¢-Bu),R,, determined by a single-crystal
X-ray diffraction study, revealed a staggered ethane-like (Cy;) anti-Mo,0,C, central skeleton with Mo—Mo
= 2.209 (2) A, Mo—O = 1.865 (8) A, and Mo—C = 2.13 (1) and 2.14 (1) i and internal angles Mo—Mo—O0
= 110.7 (3)° and Mo—Mo—C = 100.1 (5)° (averaged). Crystal data at —163 °C were a = 10.025 (3) A,
b=18473(9) A, ¢c=9.975(5) A, 8 =102.03 (3)°, Z = 2, and d g = 1.263 g cm™! with space group P2,/n.
These new observations are discussed in the light of previous work.

Introduction

In the first paper of this series, the preparation and
detailed characterization of Mo,(NMe,)s (M=M) was re-
ported.?2 This compound has since been the parent of an

(1) Chisholm, M. H.; Huffman, J. C.; Rothwell, I. P. Inorg. Chem.
1981, 20, 2215.

extensive family of others and affords an easy entry into
the rich chemistry associated with the Mo=Mo bond in
Mo,®*-containing compounds.®>* Two views of the Mo,-

(2) Chisholm, M. H.; Cotton, F. A,; Frenz, B. A,; Reichert, W. W,;
Shive, L. W.; Stults, B. R. J. Am. Chem. Soc. 1976, 98, 4469.

(3) Chisholm, M. H.; Cotton, F. A. Acc. Chem. Res. 1978, 11, 356.

(4) Chisholm, M. H. Symp. Faraday Soc. 1980, No. 14, 194.

0276-7333/82/2301-0251801.25/0 © 1982 American Chemical Society
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spectively, of Figure 5. The principal effect of the hy-
drogen is stabilization of the 3a; orbital and withdrawal
of charge from the aluminum. The charge withdrawal has
two effects. First, it stabilizes the 3s Al orbitals by in-
creasing the positive charge on Al, thus allowing them to
participate more fully in bonding. Secondly, it greatly

(10) As suggested by a reviewer, a thermodynamic measure of the
degree of XC double bonding in these compounds as well as AICH; and
BCH, might be obtained by considering isodesmic reactions of the form

HXCH, + XH, — XCH, + XH,., 18
XH,+XH,>XH+XH,,, X=B,An=0,1,2  (2)

In the table below we give heats of reaction for these two reactions with
the same basis set employed throughout our study.

AE . .
keal /rr;ll,ol reaction 1 reaction 2
n X=Al X=B X = Al X=B
4] —66.0 +29.7 —142.5 —48.1
1 +76.5 +717.8 0.0 0.0
2 -177.3 —87.3 —253.8 —-165.1

1t is clear from the energies for the second reaction that bonding to either
Al or B is very sensitive to the value of n. This variability makes it
difficult to evaluate changes in the XC bonding from reaction 1. Al-
though the trends are interesting and worthy of future study, the dif-
ferences in spin multiplicity and coordination number make a detailed
analysis at the minimal basis set level impractical.

reduces the electron—electron repulsion between the 2a,
and the 3a, orbitals. Both effects will tend to reduce the
Al—C bond length. A shorter bond length also increases
the Al 3p,—C 2p, overlap leading to additional stabiliza-
tion of the 1b, orbital. We note, however, that the relative
Mulliken population of the 1b, orbital on the Al is only
28% (11% in AICH,) and thus remains highly polarized.

Note Added in Proof, We have implicitly assumed the
BC double bonded species, B=CH, and HB=CH,, to be
the expected and normally occurring reference compounds.
However, BC double bonds have not, in fact, been observed
(Onak, Thomas “Organoborane Chemistry”; Academic
Press: New York, 1975; p 4). This fact undoubtedly de-
rives from the relative stability of isomers with BC single
bonds and therefore does not invalidate the BC double
bonds we have calculated. It may actually enhance the
value of our computational results because they elucidate
the nature of a bond which has proved difficult to isolate
experimentally.
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may be 1,1-, X,RMo=MOoRj, or 1,2-, XR;Mo=MOoR,X, depending upon the nature of X and the preparative
route. The 1,1- and 1,2-Mo,X,;R, compounds do not isomerize, demonstrating the existence of a high kinetic
barrier to R and X group transfer between molybdenum atoms. Alkyl group transfer may occur during
the substitution reaction: 1,2-Mo,Br,R, and LiNMe, (2 equiv) yield 1,1-Moy,(NMe,);R,, whereas 1,2-Mo,Br,R,
and HNMe, yield 1,2-Mo,(NMe,),R,. The formation of one isomer of Mo,(NMe,),R, must occur by kinetic
control. Variable-temperature *H NMR spectra for 1,1- and 1,2-Mo,(NMey),R, compounds provide the
first observation of rotation about the Mo=Mo bond. The energy barriers to rotation are reconcilable
with steric restraints. By contrast, the barriers to rotations about Mo—N bonds in the 1,1- and 1,2-
Mo,(NMe,),R, compounds are AG* (kcal mol™) = 11.5 & 0.5 and 15.0 = 0.5, respectively, and the difference
is correlated with electronic factors. The structure of 1,2-Mo,(0-¢-Bu),R,, determined by a single-crystal
X-ray diffraction study, revealed a staggered ethane-like (Cy;) anti-Mo,0,C, central skeleton with Mo—Mo
= 2.209 (2) A, Mo—O = 1.865 (8) A, and Mo—C = 2.13 (1) and 2.14 (1) i and internal angles Mo—Mo—O0
= 110.7 (3)° and Mo—Mo—C = 100.1 (5)° (averaged). Crystal data at —163 °C were a = 10.025 (3) A,
b=18473(9) A, ¢c=9.975(5) A, 8 =102.03 (3)°, Z = 2, and d g = 1.263 g cm™! with space group P2,/n.
These new observations are discussed in the light of previous work.

Introduction

In the first paper of this series, the preparation and
detailed characterization of Mo,(NMe,)s (M=M) was re-
ported.?2 This compound has since been the parent of an

(1) Chisholm, M. H.; Huffman, J. C.; Rothwell, I. P. Inorg. Chem.
1981, 20, 2215.

extensive family of others and affords an easy entry into
the rich chemistry associated with the Mo=Mo bond in
Mo,®*-containing compounds.®>* Two views of the Mo,-

(2) Chisholm, M. H.; Cotton, F. A,; Frenz, B. A,; Reichert, W. W,;
Shive, L. W.; Stults, B. R. J. Am. Chem. Soc. 1976, 98, 4469.

(3) Chisholm, M. H.; Cotton, F. A. Acc. Chem. Res. 1978, 11, 356.

(4) Chisholm, M. H. Symp. Faraday Soc. 1980, No. 14, 194.
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1,1-Mo,X,R, = MoX,R=MoR,; 1,2-Mo,X,R, = MoXR,=MoXR,

(NMe,); molecule are shown from which it can be seen that
there are six proximal and six distal methyl groups.

On the 'H NMR time scale, these interconvert slowly
at low temperature (<-60 °C) and rapidly at high tem-
perature (>+60 °C), and the observation of this phenom-
enon is heightened hy the large diamagnetic anisotropy
exerted by the Mo=Mo bond. We attributed? this prox-
imal = distal methyl exchange to rotations about the
Mo—N bonds. Subsequently, the characterization of the
related compounds 1,2-W,C1,(NEt,),5 and 1,2-Wy(Me),-
(NEt,), supported this mechanism over seemingly all
reasonable alternate mechanisms. Two questions which
were raised in the discovery of Mo,(NMey)s have, however,
remained unanswered. (1) Is there rotation about the
Mo=Mo bond and what factors influence the barrier to
rotation?” (2) Do NMe, groups pass between the directly
bonded molybdenum atoms? This type of scrambling,
which is so common in dinuclear and polynuclear carbonyl
chemistry,® might seem eminently reasonable for Mo,-

(5) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Millar, M.; Stults,
B. R. J. Am. Chem. Soc. 1976, 98, 4486.

(6) Chisholm, M. H.; Cotton, F. A,; Extine, M. W; Stults, B. R. Inorg.
Chem. 1976, 15, 2244.

(7) For a nonlinear molecule having a triple bond consisting of a ¢
bond and two equivalent = bonds, which is therefore cyclindrical; there
should be no electrical barrier to rotation. For a detailed discussion of
the Mo=Mo bond in these molecules, see: Cotton, F. A. Acc. Chem. Res.
1978, 11, 225.

(NMey)g, since bridging dialkylamido ligands are known,
e.g., as in Cr2(02CNEt2)4(ﬂ'NEt2)2.9

Further work led to the isolation and characterization
of 1,2-M,R,(NR’5), compounds, where R = alkyl, R’ = Me
or Et,and M = Mo and W.1 These compounds exist in
solution as mixtures of anti and gauche rotamers and show
activation barriers to anti = gauche isomerization in the
range 21-25 kcal mol™, depending on the nature of R and
R’.1! The mechanism of this isomerization either could
involve a direct rotation about the M=M bond or couild
be achieved by an indirect route in which NR, groups were
scrambled across the Mo=Mo bond.

Being afflicted with this uncertainty, we resolved to
synthesize related molecules for which these two processes
would be distinguishable. Since the cogging effect of the
interlocking NC, units in My;R,(NMe,), compounds could
be responsible for hindering rotation about the Mo=Mo
bond, we set out to prepare related Mo,X,(CH,SiMe;),
compounds which would be less sterically encumbered and
would have methylene protons placed as stereochemical
probes adjacent to the central Mo=Mo bond. For an
ethane-like molecule, these methylene protons would have
to be diastereotopic, but a fluxional process involving
passage through an intermediate or transition state of the
type shown below would cause the methylene protons to
be equivalent.

ROz, "N SR

M M
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We report work which was prompted by these consid-
erations. Preliminary reports of some of this work have
appeared.1%13

Results and Discussion

Preparation of Mo,X,R, Compounds (R =
CH,SiMe;). The careful addition of anhydrous HBr (2
equiv) to a saturated solution of Moy(CH;SiMeg)¢!* in
hexane at —78 °C leads to the precipitation of crude 1,2-
Mo,Br;R, and the formation of Me,Si. The analytically
pure compound 1,2-Mo,Br,R, can be obtained by room-

(8) Adams, R. D.; Cotton, F. A. In “Dynamic Nuclear Resonance
Spectroscopy”, Jackman, L. M., Cotton, F. A, Eds.; Academic Press: New
York, 1975; p 489.

(9) Chisholm, M. H.; Cotton, F. A.; Extine, M. W,; Rideout, D. C.
Inorg. Chem. 1978, 17, 3536.

(10) Chisholm, M. H.; Haitko, D. A. J. Am. Chem. Soc. 1979, 101, 6784.
Chisholm, M. H,; Folting, K.; Haitko, D. A.; Huffman, J. C. Ibid. 1981,
103, 4046.

(11) Chisholm, M. H.; Extine, M. W. J. Am. Chem. Soc. 1976, 98, 6393.

(12) Chisholm, M. H.; Rothwell, I. P. J. Am. Chem. Soc. 1980, 102,
5950,

(13) Chisholm, M. H.; Rothwell, L. P. J. Chem. Soc., Chem. Commun.
1980, 985.

(14) Hugq, F.; Mowat, W.; Shortland, A.; Shapski, A. C.; Wilkinson, G.
J. Chem. Soc., Chem. Commun. 1971, 1071.
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Table 1. Analytical and Other Characterization Data for Compounds Mo,X,(CH,SiMe
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3)4 @

appearance

elemental analyses

C H X

found

caled found caled found caled

orange needles
brown crystals
yellow liquid
yellow liquid
brown liquid
red crystals

s : oz(NMez)zRa
,1'-Mo,(NMe,)(O,CNMe,)R,
1,2-Mo,(O-t-Bu),R,

1,2-M

1,2-M
1,1-Mo,(NMe,},R,
1,2-M

1,1

27.8
37.9
38.2
38.2
37.56
40.9

27.7
37.7
37.9
36.2
36.9
39.8

6.42 23.14%
8.83
8.98
8.98
8.39

9.08

6.36
9.01
8.42
8.43
8.76
8.94

23.3

4.46°
4.46°¢
4.76°¢

4.57
4,71
4.91

¢ All compounds, including 1,1-Mo,(O-t-Bu),R, and 1,2-Mo,(0-i-Pr),R,, for which elemental analyses were not obtained,

gave molecular ions, M,X,R,*, in the mass spectrometer.

temperature hexane extraction of this precipitate, followed
by condensation of the solution and low-temperature
crystallization. 1,2-Mo,Br;R, is only very sparingly soluble
in hexane at low temperatures but is much more soluble
in benzene and toluene. In the above procedure, any un-
reacted Mo,(CH,SiMe;)g and the monobromo compound
Mo,BrR; (discussed later) remain in the mother liquid:
only Mo,Br,R, and further bromo-substituted products
are precipitated from the cold hexane solution and only
1,2-Mo,Br,R, dissolves in hexane at room temperature.
We have not isolated any product of formula Mo,Br,Ry_,,
where x > 2 as a hydrocarbon-soluble species. Related
reactions involving anhydrous HCI (2 equiv) did not yield
1,2-Mo,Cl,R,: only hexane-insoluble. products and un-
reacted Mo,(CH,SiMe;), were recovered.

The bromide ligands in 1,2-Mo,Br,R, are labile to a
number of metathetic reactions involving organolithium
reagents, and some of these reactions and their products
are summarized in Scheme I. Analytical data and other
characteristics of the Mo,X,R, compounds are given in
Table I. All the new compounds are air-sensitive and must
be handled under dry and oxygen-free conditions. They
are all soluble in hydrocarbon solvents and show molecular
ions in the mass spectrometer. The calculated m/e dis-
tribution for the Mo,(NMe,),R,* ion is shown in Figure
1. Anidentical m/e pattern was seen for both 1,1 and 1,2
isomers.

'H NMR Studies. The substitution pattern 1,1- or 1,2-
in Mo,X,R, compounds is readily deduced by *H NMR
spectroscopy.l® The compounds 1,2-Mo,X,R,, where X
= Me, O-i-Pr, 0-t-Bu, and Br, show only one type of X
group and one SiMe; resonance; the methylene protons
which are diastereotopic appear as either an AB or AX
spectrum. The chemical shift separation between the
H,H, resonances increases in the order Me < O-i-Pr ~
O-t-Bu < Br, with the latter being ca. 4 ppm. The spectra
are essentially temperature invariant in the range —50 to
+90 °C at 220 MHz. These observations are interpretable
in terms of either the existence of (i) only the anti rotamer,
(ii) a rapidly (NMR time scale) interconverting mixture
of anti and gauche rotamers, or (iii) a frozen out mixture
of anti and gauche rotamers in which the methylene pro-
tons of the three R groups are accidentally magnetically
degenerate. We are inclined to discount the last, since the
shielding effects of the Mo=Mo bond and the X group are
so pronounced in all the other cases. By analogy with the
Mo,X:(NMe,), compounds,!? it is likely that in hydro-
carbon solvents 1,2-Mo,X,R, compounds exist in the anti
rotamer for X = Br (u = 0), while for X = Me, O-i-Pr, and
0-t-Bu, a mixture of rapidly interconverting anti and
gauche rotamers is present. By studies of the vibrational
spectra and dipole moments, this point could have been

(15) *H NMR spectra for 1,1- and 1,2-Mo,(NMe,);R,, 1,2-Mo,Br;R,,
and 1,1’-Moy(NMe,)(0,CNMe,)R, have been shown in ref 13 and 14.

b X'= Br.
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Figure 1. Observed (solid) vs. calculated (dotted) m/e distri-
bution for the ion Moy(NMe,),(CH,SiMe,),*.

m/e

029

established, but, as is shown below, it was not a necessary
step in establishing the dynamic properties of the class as
a whole.

At —-45 °C, 220 MHz in toluene-dg, 1,2-Mo,(NMe,), R,
shows two types of R groups in the integral ratio 1:1, each
having diastereotopic methylene protons. There is only
one type of NMe, group, though this gives rise to two
singlets (1:1) assignable to proximal and distal methyl
groups. Upon raising the temperature in toluene, the
N-methyl resonances initially broaden, collapse into the
base line, and sharpen to a singlet as rotations about the
Mo—N bonds become fast on the NMR time scale. The
resonances of the CH,SiMe; groups show interesting
changes with temperature, and at +95 °C, there is a single
SiMe; resonance and an AB quartet for the methylene
proton signals. The low-temperature spectrum is con-
sistent with the presence of only the gauche-1,2-MoX,R,
isomer, while at high temperatures, rapid rotation about
the Mo==Mo bond leads to a time averaged spectrum akin
to that expected for the anti-1,2-Mo,X,R, isomer. The
threshold mechanism for rotation about the Mo=Mo bond
could be either gauche = gauche’ (enantiomerization) or
gauche == anti = gauche. By analogy with R;HSi—SiHR,
molecules, the latter would seem more likely.!® In any
event, it is evident that a pairwise exchange of NMe,
groups between the two molybdenum atoms of the type
described in the Introduction is not occurring since this

(16) Baxter, S. G.; Dougherty, D. A.; Hummel, J. P.; Blount, J. F;
Mislow, K. J. Am. Chem. Soc. 1978, 100, 7795 and references cited
therein.
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would generate a plane of molecular symmetry and cause
the methylene protons to collapse to a single resonance.

The low-temperature 'H NMR spectrum for 1,1-Mo,-
(NMe,);R, in toluene-dg at 220 MHz shows three SiMe;
signals in the integral ratio 1:1:2. The methylene proton
resonances appear as an AB quartet, [4 H], and two sin-
glets, [2 H] and [2 H]. There are also two signals in the
integral ratio 1:1 assignable to proximal and distal N-
methyl groups. This is entirely in accord with the pre-
dictions based on a consideration of the Newman projec-
tion shown below for a 1,1-disubstituted ethane-like
diamer.

The methylene carbons associated with R(1) and R(3)
are contained in the plane of symmetry of the molecule,
and thus, with free rotation about Mo—C and C—S8i bonds
(fast on the NMR time scale), the methylene protons of
each group are equivalent but, of course, different from
each other (R(1) # R(2)). The methylene protons asso-
ciated with R(2), on the other hand, are diastereotopic:
irrespective of rotations about Mo—C and C—Si bonds,
they are never equivalent.

Upon raising the temperature, the proximal and distal
N-methyl resonances initially broaden, then collapse into
the base line, and finally (>60 °C), reform to a sharp
singlet as proximal = distal exchange becomes rapid due
to rotation about the Mo—N bonds. With increasing
temperature, one of the singlets of the methylene groups
and the AB quartet broaden, collapse, and reform as a
singlet. The high-temperature limiting spectrum at 100
°C, 220 MHz, thus shows one N-methyl resonance, (12 H],
two singlets, [2 H]:[6 H], for the methylene protons, and
two singlets for the SiMe, protons, [9 H]:[27 H]. These
observations are only interpretable in terms of a temper-
ature-dependent rate of rotation about the Mo=Mo bond.
At +100 °C, R(2) and R(3) are rapidly interconverting, but
not exchanging with R(1). Indeed, the fact that 1,1- and
1,2-Moy(NMe,),R, compounds do not isomerize to an
equilibrium mixture indicates that alkyl group transfer
across the Mo=Mo bond does not occur to any significant
extent below 100 °C. Thus, formation of bridged inter-
mediates or transition states for Mo,(NMe,),;R, compounds
must have a high energy of activation.

A similar conclusion can be made for 1,1- and 1,2-
Mo,(0-¢t-Bu),R, compounds. The 1,1 compound is ob-
tained by addition of ¢-BuOH to 1,1-Mo,(NMejy);R,, while
the 1,2 isomer can be obtained by crystallization of the 1,1
(30%) and 1,2 (70%) mixture of isomers obtained from the
reaction between 1,2-MoyBr,R, and LiO-t-Bu (2 equiv) in
hexane. The 'H NMR spectra of both of these isomers are
consistent with rapid rotation about Mo=Mo bonds.

It is thus evident that Mo,X;R, compounds, once
formed, are kinetically inert to alkyl group transfer but
that the mechanism of substitution at the dimetal center
may proceed with kinetic control and induce alkyl group
transfer, though we do not know which of the isomers is
the thermodynamically more stable one.

Partial Substitution Reactions. Addition of HBr (1
equiv) to Mo,(CH,SiMe,)g leads to an essentially statistical
mixture (1:2:1) of 1,2-Mo,Br,R,, Mo,BrR;, and Mo,Rg.
The solubility of the monobromo product is so simlar to
that of Moy (CH,SiMe;); that we have been unable to
separate the two. The 'H NMR spectrum of the mixture

Chisholm et al.

leaves little doubt concerning the authenticity of Mo,BrR;
(see Experimental Section).

A ca. 1:2:1 mixture of 1,2-Mo,Br,R,, MoBrR;, and Mo,Rg
was obtained from the reaction between 1,2-Mo,Br,R, and
LiCH,SiMe, (1 equiv) in hexane. However, 1,2-Mo,Br;R,
and Mo;R¢ do not react in toluene-dg (6 months at room
temperature): no Mo,BrR, was detected by *H NMR
spectroscopy. Evidently, intermolecular alkyl-for-bromo
group transfer does not occur, and in each of the reactions,
(i) MoyR¢ + 2HBr and (ii) 1,2-Mo,BryR, + 2LiR, the rates
of the first and second substitutions are comparable.

Similar observations were made in studies of the reaction
between 1,2-Mo,Br,R, and MeLi (1 equiv). The compound
1,2-Mo,(Br){Me)R, was not separated from 1,2-Mo,Me,R,
because of their similar solubilities, but 'H NMR data
leave little doubt concerning the existence of this com-
pound.

In the reaction between 1,2-Mo,Br,R, and LiNMe, (2
equiv), which yields 1,1- (95%) and 1,2-Moy(NMe,),R,
(5%), alkyl transfer could occur with the first or second
substitution. Attempts to follow the course of the reaction
when only 1 equiv of LiNMe, was used were not very
informative. Many species were present and this reaction
could be complicated by the presence of trace quantities
of free HNMe, (arising from unavoidable hydrolysis) which
would catalyze Mo—Br and Mo—NMe, group scrambling.
Consequently, we followed in detail the course of the re-
action between 1,2-Mo,Br,R, and LiO-t-Bu which leads
ultimately to mixture of 1,1- (30%) and 1,2-Mo,(O-¢-
Bu),R, (70%).

The reaction between 1,2-Mo,Br,R, and LiO-¢-Bu (1
equiv) proceeds slowly at room temperature in hexane or
toluene to give 1,2-Mo,Br(O-t-Bu)R, which appears
spectroscopically pure (see Figure 2). Evidently, an alkyl
group transfer does not accompany the first O-t-Bu-for-Br
substitution. Furthermore, the second substitution of Br
by O-t-Bu must be significantly slower than the first:
1,2-Mo,Br,R, + LiO-t-Bu £ 1,2-Mo,Br(O-t-Bu)R,; 1,2-
Mo,Br(0-t-Bu)R, + LiO-t-Bu & 1,1- + 1,2-Moy(O-¢t-
Bu),R,; where k; > k,. It is tempting to suggest that the
difference in rates reflects steric congestion [Mo,Br(O-¢-
Bu)R, > Mo,Br;R,] and that as crowding increases, the
organolithium reagent (LiO-t-Bu or LiNMe,) acts as a base
and promotes a net alkyl transfer by a reversible depro-
tonation of the CH,SiMe; ligand. This could occur at
either the a- or y-carbon with the formation of either a
bridging carbene or dimetallacycle intermediate as shown
below in eq 1 and 2.17

SiMez
Y;)H\ Sites YH CIH
CH R R \
~ 2 .
,MOEMO\ - . Mo==Mo,
A Br R4 N R
Y R R
. 5a
?M0§M0< (1)
\ R
Y
¥ S He—Chan_
/SiMe2 R YH /SiMez
CHe IR CHa  CH2
’,MOEMO’\ — \ / —
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Y R d R
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R
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R
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Figure 2. 'H NMR spectrum of the crude hexane-soluble product from the reaction between 1,2-Mo,Br,R, and LiO-t-Bu (1 equiv)
recorded at 220 MHz, 16 °C, in toluene-dg solvent. The methylene protons of the CH,SiMe; groups appear as two AX spectra with
the high-field doublets overlapping. The methyl signals of the O-t-Bu and CH,;SiMe; ligands appear as three singlets in the integral
ratio 1:2:2 as expected for 1,2-Mo,Br(O-¢t-Bu)(CH,SiMe;),. The signals arising from protio impurities in the solvent are denoted by

asterisks.
Table II. Rotational Barriers about M=M and M—N Bonds?
AG?, keal mol™!

compd (R = CH,SiMe,) M=M M- N ref
Mo,(NMe,), not measurable 11.5+ 0.5 b
W.(NMe,), not measurable 11.2+ 0.5 c
Mo,(NEt,), not measurable 13.6 + 0.5 b
anti-1,2-Mo,Cl,(NMe,), not observed, > 16 kcal mol 14.0+ 0.5 d
1,2-W,Me,(NEt), anti = gauche, 21 + 1 (11-14) e
1,2-W,R,(NEt)), anti= gauche, 24 = 1 (11-14) f
1,1-Mo,(NMe,),R, 140+ 1 10.3 £ 0.5 this work
1,2-Mo,(NMe,),R, 1561 15.0 + 0.5 this work
1,1-Mo,(O-t-Bu),R, not observed, <8 this work

¢ Estimates from coalescence temperature by using the Gutowsky-Holm equation: Pople, d. A,; Schneider, W. G.;
Burnstein, H. J. “High Resolution NMR Spectroscopy’’; McGraw-Hill: New York, 1959; p 223. % Chisholm, M. H.;
Cotton, F. A.; Frenz, B. A.; Reichert, W. W.; Shive, L. W.; Stults, B. R. J. Am. Chem Soc. 1976, 96, 4469. ¢ Chisholm,
M. H.; Cotton, F. A.; Extine, M, W.; Stults, B. R. Ibid. 1976, 96, 4477. ¢ Akiyama, M.; Chisholm, M. H.; Cotton, F. A.;

Extine, M. W.; Murillo, C. A. Inorg. Chem, 1977, 16, 2407.

¢ Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Millar, M.;

Stults, B. R. Ibid. 1976, 15, 2244, [ Chisholm, M. H.; Extine, M. W. J. Am. Chem. Soc. 1976, 98, 6393.

However, neither of these mechanisms could account for
the alkyl migration observed in the reaction between
1,1’-Moy(NMe,) (0,CNMe,)R, and ¢-BuOH, which leads
to a mixture 1,1- and 1,2-Mo,(O-t-Bu)oR,.

Mo=Mo and Mo—N Roational Barriers. Rotational
barriers, calculated from the variable-temperature de-
pendence of the 'TH NMR spectra, are given in Table II
for the 1,1- and 1,2-Mo,(NMe,),R,; compounds. For a
nonlinear molecule having a cylindrical triple bond (¢* +
%), there should be no electronic or quantum mechanical
barrier to rotation. It is of significance, therefore, that of
the Mo,X,R, compounds studied, only when X = NMe,,
have we observed a barrier to rotation in the range which
is observable by NMR spectroscopy (AG* > 8 kcal mol™)
and it is reasonable to assign the origin of the barrier to
steric factors. The NC; units which are aligned along the
axis introduce cogging between the two ends of the mol-
ecule. This is more pronounced for gauche 1,2-Mo,-

(17) The compound (Me;SiCH,),Mo(CH,SiMe,CH,;)Mo(PMe,); (M==
M) has been isolated from the reaction between Moy(OAc),,
MeySiCH,MgCl, and PMe;: Andersen, R. A.; Jones, R. A.; Wilkinson, G.
J. Chem. Soc., Dalton Trans. 1978, 446.

(NMe,),R, than for the 1,1 isomer, since the two NC,
blades cannot allow a facile gauche-gauche’ (enantiom-
erization) rotation without a twisting or simultaneous ro-
tation about Mo—N bonds. It is quite likely that this
causes the slighlty higher activation to rotation about the
Mo==Mo bond in the 1,2 isomer.

Proximal = distal methyl exchange is quite significantly
slower for the 1,2-Moy,(NMe,),R, isomer. One might ini-
tially be tempted to believe that this also correlates with
the greater contact of the NC, units in the gauche-1,2-
Moy(NMe,),R, molecule. However, this idea falls into
trouble when one recognizes that in Moy(NMe,)e, a mol-
ecule which has all six NC, blades meshed, the energy of
activation is only 11 kcal mol™'—as is found for the 1,1-
Mo,(NMe,)s;Ry isomer. Consequently, we believe that
electronic factors must be responsible for the higher ac-
tivation energy for the 1,2 isomer. As a result of forming
three o bonds and the Mo=Mo bond, each molybdenum
atom achieves only a 12 valence shell of electrons in
X3Mo=MoX; compounds. This number falls short of
satisfying the EAN rule and = donation from X is possible
when X = NR, or OR, but not R. This ligand to metal
« donation is favored when the NC, units are aligned along
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Figure 3. An ORTEP view of 1,2-Moy(0-t-Bu)y(CH,SiMe;),
molecule showing the atom numbering scheme used in the tables.

the Mo—Mo axis (defined as the z axis): the d,, and d,,
atomic orbitals are used in forming the Mo—Mo = bonds,
while one set of in-plane atomic orbitals (p,, p,) or (d,2,
d,,) is avaiable for receiving ligand = electrons. In this way
in 1,1-Mo,(NMe,),R,, one molybdenum atom attains a 16
valence shell of electrons, but in the 1,2 isomer, a 14 va-
lence shell is all that is possible. Thus, ligand to metal =
bonding is expected to be more important in each Mo—N
bond in the 1,2 isomer than in the 1,1 isomer. This in turn
yields a higher Mo—N rotational barrier for the 1,2 isomer.
Within this line of reasoning, it should be noted that the
Mo—O bond distances in 1,2-Moy(O-t-Bu),R, (see below)
are shorter than in the related compounds Mo,-
(0CH20M83)3,18 MOg(OSiMea)B(HNM82)219 and MO(O't-
Bu)y(py)s(CO),, which have decreasing degrees of oxy-
gen-to-molybdenum 7 bonding.

Solid-State Structure of 1,2-Mo,(O-t-Bu),-
(CH,SiMe;),. An ORTEP view of the molecule giving the
atom numbering scheme is shown in Figure 3 and a view
of the molecule looking down the Mo—Mo axis, which
clearly emphasizes the disposition of alkyl ligands, is shown
in Figure 4. Final atomic coordinates and thermal pa-
rameters are given in Table III and IV, respectively.
Complete listings of bond distances and angles are given
in Table V and VI, respectively.

In the solid state, 1,2-Moy(0-¢-Bu),R, exists in the anti
rotameric form and has a crystallographically imposed
center of inversion. The Mo—Mo distance is 2.209 (2) A,
which is longer than in Mo,(CH,SiMe,), (2.169 (?) A)™ but
shorter than that in Mo,(OCH,CMej), (2.222 (2) A).1® The
Mo—O distance, 1.865 (8) A, is slighlty shorter than those
in Mo,(OCH,CMe;)!® and Moy(0OSiMe;)s(HNMe,),!?
which, together with the obtuse Mo—O—C angle, 158.4
(7)°, is indicative of strong oxygen-to-molybdenum =
bonding. The internal angles for the Mo,0,C; unit are
similar to those in other ethane-like Mo,®*—containing
compounds. The Mo—Mo—O0 angle (110.7 (3)°) and the
Mo—Mo—C angles (100.0 (3)° and 100.2 (4)°) probably
reflect the packing of the tert-butyl and trimethylsilyl
groups which are proximal and distal to the Mo=Mo bond,
respectively.

Concluding Remarks. Rotation about the Mo=Mo
bond has been observed and rotational barriers appear very
low (<8 kecal mol™) in the absence of dialkylamide ligands,

(18) Chisholm, M. H.; Cotton, F. A.; Murillo, C. A.; Reichert, W. W.
J. Am. Chem. Soc. 1977, 99, 1652; Inorg. Chem. 1977, 16, 1801.

(19) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Reichert, W. W.
J. Am. Chem. Soc. 1978, 100, 153.

(20) Chisholm, M. H.; Huffman, J. C.; Kelly, R. L. J. Am. Chem. Soc.
1979, 101, 7615.

Chisholm et al.

Table III. Fractional Coordinates for the
1,2-Mo,(C-t-Bu),(CH,SiMe,), Molecule?

10850,
atom 10%x 10%y 10%z A?
Mo(1) 5311(1) 359.8 (5) 895 (1) 15
0(2) 6903 (9) 860 (5) 790 (8) 30
C(3) 8049 (12) 1098 (6) 228 (13) 25
C(4) 7875 (16) 871 (8) —-1257 (16) 43
C(5) 8110 (14) 1925(7) 278 (16) 37
C(6)  9327(15) 833(11) 1204 (18) 53
C(7) 3525(11) 1012 (6) 691 (11) 19
Si(8)  3730(3) 1998 (2) 884 (3) 19
C(9) 4094 (12) 2394 (6) ~708 (12) 24
C(10) 5145(12) 2196 (6) 2364 (11) 22
C(11) 2121(13) 2418(6) 1199 (13) 27
C(12) 5477(13) -409(7) 2520 (14) 34
Si(13) 7070 (3) -386 (2) 391(3) 22
C(14) 8584 (14) -791(8) 3331 (15) 35
C(15) 7453(14) 572(8) 4540 (14) 35
C(16) 6768(15) -939(8) 5355 (14) 39
10Big,,
atom 10°x 103y 103z A?
H(1) 706 108 -178 53
H(2) 863 103 -161 53
H(3) 782 36 -132 53
H(4) 823 208 120 47
H(5) 885 209 -10 47
H(6) 728 212 ~24 47
H(7) 930 32 128 63
H(8) 1011 97 86 63
H(9) 938 104 208 63
H(10) 299 92 -20 29
H(11) 305 85 136 29
H(12) 490 218 -89 34
H(13) 335 230 -145 34
H(14) 421 290 -60 34
H(15) 494 200 317 32
H(16) 597 199 221 32
H(17) 525 271 247 32
H(18) 224 293 129 37
H(19) 139 231 45 37
H(20) 192 223 202 37
H(21) 472 -34 294 44
H(22) 542 -88 212 44
H(23) 840 ~128 309 45
H(24) 874 -53 256 45
H(25) 937 -76 405 45
H(26) 825 58 524 45
H(27) 759 87 380 45
H(28) 671 76 489 45
H(29) 602 -75 569 50
H(30) 657 -142 505 50
H(31) 756 -93 607 50

¢ The isotropic thermal parameter listed for those atoms
refined anisotropically are the isotropic equivalent. Num-
bers in parentheses in this and all following tables refer to
the error in the least significant digits. Estimated stand-
ard deviations greater than 29 are not statistically
significant but are left “unrounded”’, since the tables are
all produced automatically by the X-TEL interactive
programs,

consistent with the view that the origin of the barrier is
steric and not electronic.

1,1- and 1,2-MoyX;R, compounds do not isomerize
readily which implies a high barrier to alkyl group mi-
gration across the Mo=Mo bond. Bridged Mo,X,R,
compounds must be relatively high-energy species, prob-
ably because the required rehybridization of metal atomic
orbitals would involve a significant disruption of the
Mo=Mo bond. The threshold mechanism for anti =
gauche isomerization in 1,2-Mo,X,(NMe,), compounds is,
by inference, one of Mo=Mo rotation.

The formation of 1,1-Mo,X,R, compounds from 1,2-
Mo, X’;R, starting materials, and vice versa, which is seen
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Table IV. Anisotropic Thermal Parameters for the 1,2-Mo,(O-¢-Bu),(CH,SiMe,), Molecule?®

atom Ull U?Z U33 U12 Ul:l U23
Mo(1) 22 (1) 18 (1) 18 (1) ~0.1(4) 6.5 (4) 0.5 (4)
0(2) 46 (5) 39 (5) 28 (5) ~14 (4) 3 (4) —4 (4)
c(3) 31(7) 26 (6) 38 (7) -2 (5) 6 (5) 5 (5)
C(4) 64 (10) 50 (9) 55 (9) ~1(8) 24 (8) ~14 (8)
c(5) 49 (8) 25 (7) 71(10) 5 (6) 24 (8) 2 (7)
C(6) 38 (8) 100 (14) 66 (11) 10 (9) 16 (8) 20 (10)
c(7) 29 (6) 20 (6) 23 (6) 5 (5) 10 (5) 3(5)
Si(8) 28 (2) 22 (2) 23 (2) 3(1) 5 (1) 2(1)
C(9) 31 (6) 26 (6) 36 (7) -2 (5) 9 (5) 6 (5)
C(10) 36 (7) 29 (6) 21 (6) -0 (5) 13 (5) -4 (5)
C(11) 50 (8) 24 (6) 31 (7) 0(6) 13 (6) -3 (5)
C(12) 31 (7) 47 (8) 42 (8) -7 (8) ~17(6) 5(7)
Si(13) 31 (2) 29 (2) 23 (2) 3(1) 5(1) 2 (1)
C(14) 43 (8) 43 (8) 52 (9) 4 (8) 17 (7) ~1(7)
C(15) 41 (8) 49 (8) 39 (8) -7 (8) 2 (6) -9 (6)
c(16) 61 (8) 48 (9) 42(8) 19 (7) 13(7) 20 (7)

% The form of the exponent is exp[-2n*(U, h*a** + U, k*b** + U, lc** + 2U hka*b* + 2U  hla*c* + 2U,, klb*c*)].

All U’s are X103,

Table V. Bond Distances for the
1,2-Mo,(O-t-Bu),(CH,SiMe;), Molecule

A B dist
Mo(1) Mo(1) 2.209 (2)
Mo(1) 0(2) 1.865 (8)
Mo(1) C(7) 2.133 (11)
Mo(1) c(12) 2.135 (14)
Si(8) c(7) 1.838 (11)
Si(8) C(9) 1.852 (12)
Si(8) C(10) 1.858 (12)
Si(8) c(11) 1.875 (13)
Si(13) c(12) 1.891 (13)
Si(13) C(14) 1.893 (13)
Si(13) C(15) 1.888 (14)
Si(13) c(16) 1.833 (13)
0(2) c(3) 1.449 (14)
C(3) C(4) 1.514 (19)
C(3) c(5) 1.528 (17)
c(3) C(6) 1.520 (19)

Figure 4. An ORTEP view of the 1,2-Moy(0-t-Bu)y(CH,SiMes),
molecule looking down the Mo=Mo bond.

in certain reactions, shows that alkyl transfer can occur
during the substitution reaction at the dimetal center.
Further studies of the substitutional behavior of these
(Mo=Mo)%*-containing compounds are warranted and will
be undertaken.

Experimental Section

General procedures! and the preparation of Moy(CH,SiMe,)!*
have been described.

Preparation of 1,2-Mo,Br,(CH,SiMe;),. To a solution of
Mo, (CH,SiMey)g (1.95 g) in hexane (25 mL), frozen at -198 °C
(1. Ny), was added anhydrous HBr (5.5 mmol, 2 equiv) by use of
a calibrated vacuum manifold. Upon being slowly warmed, the

Table VI. Bond Angles (Deg) for the
1,2-Mo,(O-t-Bu),(CH,SiMe,), Molecule
A B C angle
Mo(1)' Mo(1) 0(2) 110.7 (3)
Mo( 1)’ Mo(1) C(7) 100.0 (3)
Mo(1) Mo(1) C(12) 100.2 (4)
0(2) Mo(1) C(7) 115.2 (4)
0(2) Mo(1) C(12) 116.1 (4)
C(7) Mo(1) C(12) 112.3 (5)
C(7) Si(8) C(9) 109.8 (5)
C(7) Si(8) C(10) 109.2 (5)
C(7) Si(8) C(11) 110.3 (5)
C(9) Si(8) C(10) 110.4 (5)
C(9) Si(8) C(11) 108.1 (5)
C(10) Si(8) C(11) 109.1 (5)
C(12) Si(13) C(14) 111.7(7)
C(12) Si(13) C(15) 110.2 (6)
C(12) Si(13) C(16) 108.3 (7)
C(14) Si(13) C(15) 110.5 (6)
C(14) Si(13) C(16) 107.2 (6)
C(15) Si(13) C(16) 108.8 (7)
Mo(1) 0(2) C(3) 158.4 (7)
0(2) C(3) C(4) 110.8 (10)
0(2) C(3) C(5) 108.7 (10)
0(2) C(3) C(6) 106.5 (10)
C(4) C(3) C(5) 107.7 (11)
C(4) C(3) C(6) 116.6 (12)
C(5) C(3) C(6) 106.2 (12)
Mo(1) C(7) Si(8) 118.5(6)
Mo(1) C(12) Si(13) 117.8 (6)

initially clear yellow solution darkened and, at temperatures
between 50 and —20 °C, a pale brown precipitate formed. This
was collected by filtration. The toluene-soluble solids were ex-
tracted (50 mL), and the filtrate was reduced in volume to ca.
20 mL and cooled to —15 °C in the refrigerator of the Dri-Lab,
yielding orange crystals. These were collected by filtration and
dried in vacuo: 1,2-Mo,Bryo(CH,SiMe,),, 1.5 g (80% yield based
on Mo).

Under similar conditions, addition of 1 equiv of HBr followed
by stripping the solvent and toluene extraction gave an orange
solution which, based on 'H NMR spectroscopy, was a 1:2:1
mixture of 1,2-Mo,Br,R,4, Mo;BrR;, and MoyRg. (NMR data is
given later.) By careful crystallizations of this mixture in hexane
at -15 °C, 1,2-Mo,Bry;R, was removed, but the compounds
Mo,BrR; and Mo,Rg were inseparable by crystallization.

Addition of 1,2-Mo;Br;R, to a toluene solution of LiCH,SiMe,
(1 equiv) at —78 °C led to a hexane soluble extract which was
indistinguishable by "H NMR spectroscopy from the 1:2:1 mixture
of Mo,Br,R,, Mo,BrR;, and MoyRy; prepared in the above manner.

Reaction of 1,2-Mo,Br,(CH,SiMe;), with LiNMe,. Addition
of Mo,Br,R, (0.56 g) to a suspension of LiNMe, (0.1 g, >2 equiv)
in hexane (25 mL) at —50 °C led to a suspension of reagents which
mostly went into solution upon warming to 0 °C over 2 h. The
solution was filtered to remove finely divided LiCl and unreacted
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LiNMe,; the filtrate was collected and the solvent was stripped
to yield a yellow liquid, which by 'H NMR spectroscopy was
identified as predominantly 1,1-Mo,(NMey),R4 (95%) with an
NMR detectable impurity (5%) of the 1,2-Moy,(NMe;)oR, isomer.

Preparation of 1,2-Mo,(NMe,),(CH,SiMe;),. To a suspen-
sion of 1,2-Mo,BryR, (0.517 g), in pentane (20 mL), was added
HNMe, (ca. 10 equiv) by use of a calibrated vacuum manifold.
This led to the rapid precipitation of HoNMe,*Br~ and a clear
solution. Filtration, followed by stripping the solvent, gave a
yellow liquid which was identified as 1,2-Mo,(NMe,),R, by 'H
NMR spectroscopy. The elemental analyses obtained on the
yellow liquid are slightly high in nitrogen and low in carbon, a
fact which probably reflects some contamination by HyNMe,"Br~.
The dimolybdenum compounds are volatile, and purification by
vacuum distillation would presumably be possible. However, this
was not undertaken since samples prepared in the above manner
appeared spectroscopically pure (‘H NMR).

Preparation of 1,1'-Moy(NMe,)(0,CNMe,)(CH,SiMe,),.
Addition of bone-dry CO,, by use of a vacuum manifold, to a
hexane solution of 1,1-Moy(NMe,),R, (plus its ca. 5% impurity
of 1,2-Mo,(NMe,);R,) led to an immediate reaction with the
formation of 1,1-Moy(NMe,){(0,CNMey)R, which was obtained
as a yellow-brown liquid upon stripping the solvent. The !H NMR
spectrum revealed the pattern of substitution, and furthermore,
that the impurity of the 1,2-Mo,(NMe,);R, isomer remained
unreacted.

These observations were confirmed in experiments carried out
in NMR tubes: the 1,2-Moy(NMe,),R, compound does not react
with CO, (<5 atm) at temperatures below +80 °C.

Reaction of 1,2-Mo,Br,(CH,SiMe;), with LiO-£t-Bu. (a) A
mixture of 1,2-Mo,Bry,R, (0.417 g) and LiO-t-Bu (0.108 g, 2.2 equiv)
was placed in a round-bottomed flask. Hexane (40 mL) was added,
and the suspension was stirred for 5 h to give a red solution and
gray solids. The solids were removed by filtration, and the filtrate
was collected. Stripping the solvent yielded red microcrystalline
solids which were identified by 'H NMR spectroscopy as 70:30
mixture of 1,2- and 1,1-Moy(O-¢-Bu),R,. Crystallization of this
mixture from cold pentane solutions (-15 °C) gave deep red
crystals of the isomerically pure 1,2-Moy(O-t-Bu),R, compound.
This compound sublimes at 80 °C (107 torr) with little decom-
position and without detectable isomerization.

(b) To a suspension of 1,2-Mo,Br,R, (0.5 g) in hexane (40 mL)
was added LiO-t-Bu (0.06 g, 1 equiv), and the reaction mixture
was stirred for 1 h. The solvent was then stripped to give a red
solid which was identified by 'H NMR spectroscopy as 1,2-
Mo,Br(0O-t-Bu)R,. Addition of a further equivalent of LiO-t-Bu
to this solid dissolved in hexane (20 mL) gave, after 4 h, a mixture
of 1,2- and 1,1-Mo,y(0-t-Bu),R,, indistinguishable from that in
a above.

(c) Small scale reactions were carried out in sealed NMR tubes
to monitor with time the reaction beween LiO-t-Bu and 1,2-
Mo,Br,R,. These showed the initial, relatively fast, formation
of 1,2-Mo,Br(0O-t-Bu)R,, followed by formation of the 70:30
mixture of 1,2- and 1,1-Mo,(0-t-Bu),R,.

Reaction of 1,1-Mo,(NMe,),(CH,SiMe;), with t-BuOH. A
large excess of t-BuOH in benzene (azeotrope) was added to a
solution of 1,1-Moy(NMe,),R, (ca. 0.4 g) in hexane {10 mL). The
solution was stirred for 12 h, and then the solvent was stripped
to give a red solid which was identified by 'H NMR spectroscopy
as 1,1-Moy(0-¢-Bu)oR, contaminated with ca. 5% of 1,2-Moy(O-
t-Bu);R, which presumably arose from the ca. 5% impurity of
the 1,2-Mo,(NMe,),R, isomer in the sample of 1,1-Moy(NMe,),R,.
The red solid sublimed at 80 °C (10~ torr) with little decompo-
sition and no apparent isomerization.

Neither the 1,1-, nor the 1,2-Mo,y(O-t-Bu);R, compounds reacted
with CO, nor was isomerization observed in the presence of excess
Li0O-t-Bu or t-BuOH.

Reaction of 1,1'-Mo,(NMe,)(0,CNMe,)(CH,SiMe;), with
t-BuOH. Addition of an excess of t-BuOH in benzene (azeotrope)
to a hexane solution of 1,1’-Moy(NMey)(0,CNMe,)R, yielded a
red solution within 0.5 h. Stripping the solvent yielded red solids
which, by 'H NMR spectroscopy, were determined to be an ca.
4;1 mixture of 1,2- and 1,1-Mo,(0O-t-Bu);R,, respectively.

'H NMR Data. 'H NMR data for the compounds 1,2-
Mo, X,(CH,S8iMe,), recorded in toluene-dg at 220 MHz and 16
°C. {(a) X = Br: 1.49 4.76 (d), 0.73 (d, J = 11.1 Hz); 6(SiMe;)
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0.22. (b) X = CHgz 8(Mo—CHj) 1.49 (s); 6(Mo—CH,) 1.11 (d), 2.69
(d, J = 11.8 Hz); 6(SiMes) 0.20 (s). (c¢) X = O-i-Pr: §(OCH) 5.36;
5(0OCHMe,) 1.45 (d, J = 6.5 Hz); 6(Mo—-CH,) 3.63 (d), 0.01 (d, J
= 12.0 Hz); 6(SiMe;) 0.21 (8). (d) X = O-t-Bu: 6(OCMey) 1.54
(s); (Mo—-CH,) 3.55 (d), 0.03 (d, J = 12.0 Hz); 6(SiMe3) 0.20 (s).
(e) X = NMe, at —35 °C: §(NMe,) 3.57 (s, proximal), 2.55 (s,
distal); 5(Mo—-CH,) -0.25 (d), 3.45 (d, J = 11.0 Hz), 1.52 (d), 1.66
(d, J = 11.0 Hz); 8(SiMe;) 0.17 (s), 0.23 (s).

!H NMR data for Mo,Br(CH,SiMe;); obtained at 220 MHz,
16 °C in toluene-dg (MeySiCH,),BrMo, 6(CH,) 4.56 (d), 0.66 (d,
J = 11.5 Hz); 6(SiMe;) 0.34 (s); Mo(CH,SiMey)s, 6(CHy) 2.00 (s);
5(SiMej) 0.26 (s).

'H NMR data for 1,1-Mo,(NMe,),(CH,SiMej), obtained at 220
MHz, -42 °C in toluene-dg: § (NMe,) 3.07 (br s); §(Mo—CH,) 1.37
(s), 1.52 (s), 1.67 (d), 2.24 (d, J = 11.2 Hz); 6(SiMe;) 0.21 (s), 0.25
(s), 0.27 ().

'H NMR data for 1,1-Mo,y(0-t-Bu)y(CH,SiMes), obtained at
220 MHz, 16 °C in toluene-dg: 8(0-t-Bu) 1.39 (s); 6(Mo—Ch,) 1.94
(s, intensity 6 H), 2.33 (s, intensity 2 H); 6(SiMej) 0.25 (s).

H NMR data for 1,1’-Moy(NMe,)(0,CNMe,)(CH,SiMey),
obtained at 220 MHz, 16 °C in toluene-dg: 8(NMe,) 3.80 (s,
proximal), 2.81 (s, distal); 6(0,CNMe,) 2.58 (s); 8(Mo—CH,) 2.18
(d), 1.65 (d, J = 11.0 Hz);, 1.61 (d), 1.42 (d, J = 12.1 Hz); 5(SiMe,)
0.13 (s), 0.19 (s).

'H NMR data for 1,2-Mo,Br(0-t-Bu)(CH,SiMe;), obtained at
220 MHz, 16 °C in toluene-dg: 6(O-t-Bu) 1.62 (s);
(Me3SiCH,),BrMo, 6(CH,) 4.60 (d), 0.75 (d, J = 11.5 Hz); 6(SiMe,)
0.22 (8); (MegSiCH,),(0-t-Bu)Mo, 6(CH,) 3.72 (d), 0.75 (d, J =
11.5 Hz); 6(SiMey) 0.19 (s).

'H NMR data for 1,2-Mo,MeBr(CH;SiMe;), obtained at 220
MHz, 16 °C in toluene-dg: §(Mo—-CHj) 1.49 s; (Me;SiCH,),BrMo,
6(CH,) 4.22 (d), 091 (d, J = 11.0 Hz); 8(SiMey) 0.21 (s);
(Me;SiCH,),;MeMo, 6(CH,) 2.82 (d), 1.21 (d, J = 12.0 Hz); 5(SiMey)
0.20 (s).

X-ray Structural Determination for 1,2-Mo,(O-t-Bu),-
{(CH,SiMe,),. General procedures were described previously.?!

An orange crystal of dimensions 0.21 X 0.21 X 0.19 mm was
selected and transferred to the cold stream of the goniostat under
an atmosphere of dry nitrogen. The cell dimensions obtained from
31 reflections at —163 °C with Mo Ka (A = 0.71069 A) were a =
10.025 (3) A, b = 18.473 (9) A, ¢ = 9.975 (5) A, 8 = 102.03 (3)°,
Z = 2, and dogeq = 1.263 g em™® with space group Py, /n.

A total number of 4057 reflections were collected by using
standard moving-crystal moving-detector techniques with the
following values: scan speed = 3.0 deg min™!; scan width = 2.0
+ dispersion; single background time at extremes of scan = 4 s;
aperture size = 3.0 X 4.0 mm. The limits of data collection were
6° < 26 < 50°, Of the 4057 reflections, 3189 were unique, and
the number of F > 2.33¢(F) was 2715.

The structure was solved by a combination of direct methods
and Fourier techniques. All nonhydrogen atoms were located and
refined by full-matrix least-squares using anisotropic thermal
parameters. The final R was 0.083 for 2620 reflections having
F > 30¢(F). The hydrogen atoms were included as fixed atoms
in calculated positions, each having an isotropic B equivalent to
that of the parent C atom plus 1. An isotropic extinction pa-
rameter was included in the refinement: the final value was 1.878
X 10 exp(-6). No absorption correction was performed.

The maximum peak height in the final Difference map was 2.1
e/A%. The peaks could not be interpreted in terms of a solvent
molecule or disorder. We are unable to account for the rather
high value of R. Attempts at changing the weighting scheme by
changing the uncertainty factor did not improve the refinement.
We did note that R was fairly independent of sin 6 and dependent
of the magnitude of F: R increased with decreasing values of F.
The overall R for 3190 reflections was 0.093.

Acknowledgment. We thank the donors of the Pe-
troleum Research Fund, administered by the American
Chemical Society, the National Science Foundation, and
the Wrubel Computing Center at Indiana University for
support of this work. M.H.C. is also grateful for a Camille

(21) Huffman, J. C.; Lewis, L. N.; Caulton, K, G. Inorg. Chem. 1980,
19, 2755,



Organometallics 1982, 1, 259-263 259

and Henry Dreyfus Teacher-Scholar Grant.

Registry No. 1,2-Mo,Br,(CH,SiMe;),, 75069-80-4; 1,2-Mo,Me,-
(CHgSiMes)‘, 75069-91-5; 1,1-Mog(NMeg)z(CstiMes)‘, 75059-94-8;
1,2'M02(NMG2)2(CstiM03)‘, 76599'13'8; 1,1,'M02'
(NMe,)(0,CNMe,)(CH,SiMey),, 76716-47-7; 1,2-Mog(O-t-Bu),-
(CH,SiMey),, 75059-93-7; 1,2-Moy(0-i-Pr),(CH,SiMe,),, 75059-92-6;
MOQB!‘(CHgsiMes)s, 791 72-46'6; 1, 1-M02(O't-Bu)z(CstiMea)‘,

75059-95-9; 1,2-MoyBr(0-t-Bu)(CH,SiMe;),, 79172-47-7; 1,2-
MOzMeBr(cstiMes)4, 79172'75"1; MOQ(CH;SiMEa)e, 34439-17-3.

Supplementary Material Available: A listing of observed
and calculated structure factors (20 pages). Ordering information
is given on any current masthead page. The complete structural
report, MSC Report 8024, is available in microfiche form only,
from the Indiana University Library.

Unsaturated (m-Allyl)nickel Halide Complexes. Reactions To
Produce Dienes

Louis S. Hegedus* and Sudarsanan Varaprath

Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523

Received August 18, 1981

The (w-allyl)nickel halide complexes of 1-bromohexa-2,5-diene (1), 1-bromopenta-2,4-diene (2), 1-
bromohexa-2,4-diene (3), and 2-(bromomethyl)-1,3-butadiene (4) were prepared from either nickel carbonyl
or bis(cyclooctadiene)nickel and were characterized. The nonconjugated (=-1-(2-propenyl)allyl)nickel halide
complex 1 reacted cleanly with iodobenzene, 8-bromostyrene, cinnamyl bromide, iodocyclohexane, iodo-
hexane, o-bromobenzamide, and o-bromoaniline to replace the halogen with the 1,4-hexadienyl group. The
complexes from 1-bromopenta-2,4-diene (2) and 1-bromohexa-2,4-diene (3) were considerably less useful,
reacting only with the very reactive substrates iodobenzene, cinnamyl bromide, and 8-bromostyrene. The
complex from 2-(bromomethyl)-1,3-butadiene (4) was used to synthesize myrcene, S-farnesene, and tagetol.

(w-Allyhnickel halide complexes are easily prepared from
the reaction of allylic halides with either nickel carbonyl
or bis(cyclooctadiene)nickel in a nonpolar solvent such as
benzene. The complexes are usually deep red crystalline,
air-sensitive solids that can be stored in the absence of air
for at least several years. In polar solvents such as DMF,
they are generally reactive toward a wide range of organic
halides, reacting to replace the halide in the substrate with
the allyl group originally on nickel.! Under more severe
conditions, some (w-allyl)nickel halide complexes react with
ketones or aldehydes to produce homoallylic alcohols.? In
relation to ongoing studies directed toward the synthesis
of heterocycles by palladium-catalyzed cyclizations of am-
ino olefins,>® a number of diene-containing substrates were
required. Although a number of new methods for the
introduction of pentadienyl and hexadienyl groups into
organic substrates have been recently reported,” none
offered viable approaches to the desired substrates. Thus,
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we synthesized four new (z-allyl)nickel halide complexes
containing an additional double bond and studied their
reactions with organic halides and carbonyl compounds.

Results and Discussion

Preparation of (w-Allyl)nickel Halide Complexes
Complex 1 was prepared in 76% isolated yield on a 10-g

(™
g

/

N

3 4

scale by the reaction of a mixture of 1-bromo-2,5-hexadiene
and 3-bromo-1,5-hexadiene with nickel carbonyl in benzene
at 70 °C. This stable red crystalline solid was a typical
(w-allyl)nickel halide complex in both its physical and
chemical characteristics. In that regard, complex 1 is
similar to other nonconjugated, unsaturated (w-allyl)nickel
halidcleocomplexes such as those containing w-geranyl lig-
ands.
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trophiles see: A. Hosomi, M. Saito, and H. Sakurai, Tetrakedron Lett.,
21, 3783 (1980).

(8) For an approach to the isoprene synthon see: S. R. Wilson, L. R.
Phillips, and K. J. Natalie, Jr., J. Am. Chem. Soc., 101, 3340 (1979).
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we synthesized four new (z-allyl)nickel halide complexes
containing an additional double bond and studied their
reactions with organic halides and carbonyl compounds.

Results and Discussion

Preparation of (w-Allyl)nickel Halide Complexes
Complex 1 was prepared in 76% isolated yield on a 10-g

(™
g

/

N

3 4

scale by the reaction of a mixture of 1-bromo-2,5-hexadiene
and 3-bromo-1,5-hexadiene with nickel carbonyl in benzene
at 70 °C. This stable red crystalline solid was a typical
(w-allyl)nickel halide complex in both its physical and
chemical characteristics. In that regard, complex 1 is
similar to other nonconjugated, unsaturated (w-allyl)nickel
halidcleocomplexes such as those containing w-geranyl lig-
ands.

© 1982 American Chemical Society
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Table I. Reactions of (n-Allyl)nickel Halide Complexes 1-4 With Organic Halides
complex halide product yield,® %
1 PhI ph/\y\/\\ 91
PhCH=CHBr P RN 96
PhCH=CHCH,Br R S g 52
cyclohexyl I cyclohexyl” R 63
n-C,H,,1 reCeyy PR 51
8r ~ X

i:: CONHg CONH, 60
8r s ~N

@NHZ NHz 51

2 Phl N 45b
PhCH=CHBr phehemo” NFNF 69°
PhCH=CHCH,Br proH==cncH; 280

PhCH==CHCH,CH{CH==CH,),

3 Phl oy NFTNEN 46
PhCH=CHBr ercHecn” NN 60°
PhCH=CHCH,Br PhCHE=CHEHy P NN 23

4 Phl phA(% 46
PhCH=CHBr — B 50

Phcn—cu/\“/\
PhCH=CHCH,Br 52

‘e
PhCH=CH—CHj ~

¢ Reported yields are for isolated, purified products, based on the substrate halide as a limiting reagent.

b Based on NMR

integration and VPC analysis; crude product contaminated with tetraenes from self-coupling of allyl groups.

Complex 4 was best prepared by the reaction of 2-
(bromomethyl)-1,3-butadiene with bis(cyclooctadiene)-
nickel in benzene at 0 °C. Under these conditions a 74%
isolated yield of this stable, red crystalline material was
obtained. Attempts to prepare this complex from nickel
carbonyl always resulted in lower yields of impure mate-
rials. The starting bromide was available in overall 53 %
yield from isoprene, by using a modification of a published
procedure reported to proceed in only 11% yield.!!
Complex 4 was also a typical (r-allyl)nickel complex, and
its NMR spectrum indicated no interaction of the cross-
conjugated double bond with the metal.

In contrast, complexes 2 and 3 were much less tractable
and have not been isolated and purified. Reaction of the
requisite dienic bromides either with nickel carbonyl at
40 °C or with bis(cyclooctadiene)nickel at 0 °C led to initial
formation of the deep red color indicative of formation of
a (w-allyl)nickel halide complex followed by a fading of this
color with concommitant deposition of nickel bromide.
From these reactions, only self-coupling products (dimers)

(10) E. J. Corey, M. F. Semmelhack, and L. S. Hegedus, J. Am. Chem.
Soc., 90, 2416 (1968).
(11) R. C. Krug and T. F. Yen, J. Org. Chem., 21, 1082 (1956).

were obtained. The reaction of these allylic halides with
nickel carbonyl in the absence of the solvent produced a
deed red sticky solid, insoluble in organic solvents ranging
from benzene to DMF. Thus, these complexes could not
be isolated and purified. However, it was clear that they
were being formed, and a procedure for their generation
and subsequent reaction in situ was developed.

Reactions of Complexes 1-4 with Organic Sub-
strates. The results of the reactions of complexes 1-4 with
a variety of organic halides are summarized in Table 1.
Complex 1 was the most generally useful, reacting with
aryl, vinyl, allyl, and saturated alkyl halides to introduce
the nonconjugated 1,4-hexadienyl side chain in fair to
excellent yield. Complexes 2-4 were considerably less
general in their reactions.

Because of their instability complexes 2 and 3 were
generated in situ by reaction of the allylic halide with
bis(cyclooctadiene)nickel in THF at ~30 °C followed by
addition of the substrate. The reaction was stirred at 0
°C until the red color of the (x-allyl)nickel halide com-
plexes had disappeared. Reactions run at temperatures
in excess of 0 °C resulted in preferential decomposition
of the nickel complex. Because of this instability only the
most reactive of substrates (aryl iodides, vinyl, and allyl
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bromides) were successfully allylated. The reaction with
cinnamyl bromide suffered from the usual allyl-allyl in-
terchange resulting in the formation of all possible coupling
products, hence lowering the yield of the desired cross-
coupled product.l® Other substrates, including ketones and
aldehydes, lacked sufficient reactivity to undergo allylation
at temperatures below which complex decomposition oc-
curred.

Complex 4 reacted with aryl, vinyl, and allyl halides to
introduce the isoprenyl group into these substrates. This
complex was used to synthesize three terpenoid com-
pounds, myrcene, 3-farnesene, and tagetol (eq 1). These
results demonstrate three interesting features of complex
4. The formation of tagetol (5) indicates that 4 is suffi-
ciently stable to survive the gentle heating necessary to
effect reactions with aldehydes. This stands in direct
contrast to the behavior of complexes 2 and 3. The re-
action with isoprenyl bromide to form myrcene in 63%
yield indicates that allyl-allyl exchange does not occur to
a significant extent and that cross coupling to allylic
halides with this complex is an efficient process. This is
confirmed in the cross coupling with geranyl bromide to
form S-farnesene in high yield. This reaction is particularly
interesting in light of the fact that the reaction of (=-
geranyl)nickel bromide with isoprenyl bromide gave $-
farnesene in only 20% yield, with an E:Z ratio of 0.8.12
Clearly the reaction depends on the exact nature of the
(w-ally)nickel halide complex involved, and complex 4
appears to be an attractive reagent for the introduction
of the isoprenyl group in the synthesis of terpenes.

In summary, complexes 1-4 offer a method to introduce
diene-containing units into a variety of substrates, par-
ticularly organic halides. Although in some instances, the
yields are rather low, the procedure only involves one step
and may prove to be more efficient than multistep ap-
proaches.

Experimental Section

General Data. Infrared (IR) spectra were recorded on a
Beckman Model 4200 spectrophotometer. Proton NMR spectra

were determined on a Varian T-60 or EM-360A spectrometer. All
the chemical shifts are reported in parts per million (§) downfield
from internal tetramethylsilane. Liquid chromatography was
carried out at moderate pressures (40-80 psi) with either 15 X
250 mm or 15 X 1000 mm columns using Woelm type 206 silica
gel. Preparative layer chromatography was carried out by using
20 X 20 cm plates coated with EM laboratories 60 PF-254 silica
gel. Gas chromatography was done by using Bendix gas chro-
matograph 2300. Dry tetrahydrofuran (THF) and benzene were
obtained by distillation from sodium. Dimethylformamide (DMF)
was distilled over calcium hydride and under reduced pressure.
Hexane was distilled over lithium aluminum hydride (LAH).

Preparation of r-Allylnickel Halide Complexes. (w-1-(2-
Propenyl)allyl)nickel Bromide (1). This complex was prepared
by the procedure of Semmelhack!® from nickel carbonyl (Toxic!
EXTREME Caution!) (20 mL) and a mixture of 1-bromo-2,5-
hexadiene and 3-bromo-1,5-hexadiene!® (8 g) in benzene (200 mL)
at 65-70 °C for 1 h. The product was recrystallized from hexane
at =78 °C to give 8.3 g (77%) of the desired complex as a red,
crystalline air-sensitive solid. Anal. Caled for C;,H;gBryNiy: Ni,
26.70. Found: Ni, 26.30. In spite of repeated purification and
careful sample preparations, the NMR spectrum of this complex
was always very broad and ill-defined.

(7-2-Vinylallyl)nickel Bromide (4). This complex was ob-
tained as a red, crystalline air-sensitive solid in 74% yield by
allowing bis(1,5-cyclooctadiene)nickel(0) (1.42 g, 5.16 mmol) to
react with 2-(bromomethyl)-1,3-butadiene!! (0.75 g, 5.16 mmol)
in benzene (75 mL) at 0 °C for 1 h and purifying the product by
recrystallization from hexane following the general procedure.!®
NMR (CgDg): 4 1.40 (s, 2, anti, CH), 2.80 (s, 2, syn, CH), 4.90 (d,
J =12 Hz, 1, cis, CH=CH,), 5.18 (d, J = 20 Hz, 1, trans, CH=
CH,), 6.16 (d of d, J/’s = 12, 20 Hz, 1, CH=CH,). Anal. Calcd
for C;oH,;,BroNiy Ni, 28.52; Br, 38.87. Found: Ni, 28.39; Br, 38.47.

Reaction of Complex 1 with (a) Iodobenzene. Iodobenzene
(0.33 g, 0.64 mmol) in 3 mL of DMF was added to the solution
of the nickel complex (0.36 g, 0.82 mmol) in 10 mL of DMF and
the mixture stirred at room temperature for 24 h. After the usual
isolation (partitioning between dilute HC] and ether)™ the product
was purified by preparative layer chromatography on silica gel
developing with petroleum ether (R; 0.6) to yield 0.24 g (91%)
of 6-phenyl-1,4-hexadiene. NMR (CCly): 6 2.8 (t,J = 5 Hz, 2,
=CCH,C=), 3.3 (d, J = 5 Hz, 2, ArCH,), 4.8-5.1 (m, 2, =CH,),
5.5 (m, 3, CH=), 7.1 (m, 5, ArH). Mass spectrum: m/e 158 (M*,
parent ion). Anal. (CypHy,): C, H.

(12) M. F. Semmelhack, Ph.D. Thesis, Harvard University, 1967. See
also ref 1b, p 191.

(13) J. C. H. Hwa and H. Sims, “Organic Syntheses”; Coll. Vol. V,
Wiley, New York, 1973, p 608.
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(b) Cyclohexyl Iodide. The reaction was carried out in the
usual manner using 0.47 g (1.10 mmol) of the nickel complex and
0.46 g (2.14 mmol) of cyclohexyl iodide in 10 mL of DMF. After
the reaction was stirred at room temperature for 4 days, isolation
in the usual manner, followed by evaporative distillation at 70
°C (4mmHg), yielded 0.22 g (62.6%) of a colorless oil. NMR
(CDCly): 6 0.6-1.8 (m, 11, cyclohexyl-H), 1.8-2.0 (m, 2, CH,C=),
2.8 (m, 2, =CCH,C==), 4.8-5.3 (m, 2, C=CH,), 5.4-6.2 (m, 2,
CH=). Anal. (C;3Hy): C, H.

(c) 2-Bromobenzamide. 2-Bromobenzamide (3.25 g, 16.2
mmol) dissolved in 10 mL of DMF was treated with 4.2 g (9.5
mmol) of the nickel complex in 60 mL of DMF and stirred at room
temperature for 7 days. The crude product was isolated following
the usual procedure and purified by medium-pressure liquid
chromatography (4:1 ether/hexane) to obtain the pure product
(1.95 g, 60%) as a white crystalline solid: mp 98-100 °C. NMR
(CDCly): 62.8(t,J =5 Hz, 2,=CCH,C=), 3.6 (d,J = 5 Hz, 2,
ArCH,), 4.8-5.2 (m, 2, =CH,), 5.4-6.2 (m, 3, CH=), 6.5 (br, 2,
NH), 7.1-7.7 (m, 4, ArH). IR (KBr): 3375 (NH), 1650 (C=0),
1620 (C=0), 1595, 1575 cm™. Anal. (C,3H;;NO): C, H, N.

(d) 2-Bromoaniline. The nickel complex (0.43 g, 1.0 mmol)
in 15 mL of DMF was treated with 0.25 g (1.50 mmol) of 2-
bromoaniline dissolved in 2 mL of DMF. The reaction mixture
was stirred at room temperature for 5 days. After standard
isolation, the crude brown oil, purified by preparative layer
chromatography on silica gel developing with chloroform (R, 0.54),
gave the product as a pale yellow liquid (0.13 g, 51%). NMR
(CDClg): 6 2.75 (m, 2, =CCH,C=), 3.15 (m, 2, ArCH,), 3.45 (s,
2, NH,), 4.75-5.2 (m, 2, =CH,), 5.35-6.2 (m, 3, CH==), 6.3-7.1
(m, 4, ArH). IR (neat): 3470 (NH), 3390 (NH) cm™. Anal.
(C3H5N): C, H, N. Mass spectrum: m/e 173 (M*, parent ion).

(e) 8-Bromostyrene. To 0.87 g (1.97 mmol) of the complex
dissolved in 10 mL of DMF was added trans-S8-bromostyrene (0.36
g, 1.97 mmol), and the mixture was stirred for 3 days at room
temperature. The usual isolation followed by medium-pressure
liquid chromatography (MPLC) on silica gel eluting with hexane
gave 0.350 g (96%) of the product as a colorless oil. NMR (CCL,):
2.8 (br m, 4, CH,), 4.8-5.2 (m, 2, =CH,), 5.35-5.9 (m, 3, =C,;,H),
6.2 (t,J = 5 Hz, 1, =C,H), .35 (d, J = 16 Hz, 1, C;H), 7.26 (s,
5, AI'H). Anal. (CuHm): C, H.

(f) 1-Todohexane. Reaction of the complex (1.10 g, 2.5 mmol)
with l-iodohexane (0.53 g, 2.5 mmol) for 3 days at room tem-
perature followed by the usual isolation and evaporative distil-
lation gave the pure product (0.21 g, 50.6%) whose NMR spectrum
was identical with that previously reported.'*

(g) Cinnamyl Bromide. The complex (0.68 g, 1.53 mmol) was
treated with trans-cinnamyl bromide (0.30 g, 1.563 mmol) in THF
(10 mL) and stirred at room temperature for 3 days. After the
usual isolation procedure, purification by medium-pressure liquid
chromatography on silica gel eluted with hexane gave a colorless
oil in 52% yield (0.16 g). NMR (CCly): § 2.1-2.43 (m, 4, CH,CH,),
2.7 (m, 2, CCH,C=), 4.71-5.2 (m, 2, =CH,), 5.2-5.9 (m, 3, =CH),
6.1(t,1,J = 4 Hz, PhCHCH), 6.16 (d, J = 16 Hz, 1, PhCH=CH),
7.14 (s, 5, ArH). Anal. (C;zH;): C, H.

General Procedure for the Reaction of Complex 2 with
Halides. Bis(1,5-cyclooctadiene)nickel was dissolved in THF (20
mL/mmol) under an argon atmosphere. It was cooled to -30 °C,
and 1-bromo-2,4-pentadiene was added while stirring the mixture
rapidly. This was immediately followed by the rapid addition
of the substrate, either as a neat liquid or as a solution in THF.
The reaction mixture was kept initially at this temperature for
4 h and then at —20 °C for 1 h. It was then warmed to 0 °C and
kept at this temperature until the red color disappeared. After
the mixture was warmed to room temperature, water (5 mL) was
added to dissolve the nickel salts, and THF was removed under
vacuum. The product was extracted with ether, washed with
water, followed by brine, dried (MgSO,), and concentrated. The
same general procedure was used in the reactions of complex 3
with halides.

Reaction of Complex 2 with (a) Iodobenzene. Reaction of
the complex formed from 1.21 g (4.4 mmol) of bis(1,5-cyclo-
octadiene)nickel and 1-bromo-2,4-pentadiene (0.65 g, 4.4 mmol)
with iodobenzene (0.45 g, 2.2 mmol) in THF in the manner de-

(14) A. Alexakis, G. Cahiez, and J. F. Normant, Synthesis, 826 (1979).
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scribed above gave, after purification by MPLC on silica gel eluted
with hexane, 0.23 g of a colorless oil containing 45% (based on
NMR) of 1-phenyl-2,4-pentadiene.! A sample of pure material
was collected by preparative GLC (10 ft 10% Carbowax, 20M 110
°C, 3.8 min). NMR (CCl,): 6 3.4 (d, J = 6 Hz, 2, ArCH,), 4.8-6.6
(m, 5, =CH, =CH,), 7.16 (s, 5, ArH). Anal. (C;H;,): C, H.

(b) 8-Bromostyrene. Reaction of Ni(COD), (1.88 g, 6.82
mmol), 1-bromo-2,4-pentadiene (1.0 g, 6.82 mmol), and trans-3-
bromostyrene (0.624 g, 3.41 mmol) in THF gave after the usual
isolation and MPLC separation (silica gel, hexane) 0.70 g of an
oil containing 69% of the product (based on NMR). Pure product
was obtained by preparative GLC (10 ft 10% Carbowax, 20M 180
°C, 8 min). NMR (CCL,): §2.96 (t, J = 5 Hz, 2, CH,), 4.8-5.3
(m, 2, =CH,), 5.53-6.4 (m, 3, =CH), 6.2 (t, J = 5 Hz, 1,
PhCH=CH), 6.3 (d, J = 16 Hz, 1, PhCH=CH), 7.26 (s, 5, ArH).
Mass spectrum: m/e 170 (M*, parent ion). Anal. (C;zHy,): C,
H.

(c) Cinnamyl Bromide. The procedure was slightly modified.
To Ni(COD), (1.68 g, 6.1 mmol) dissolved in THF (10 mL) was
added triphenylphosphine dissolved in THF (1.50 g, 5.7 mmol).
After 0.25 h, 1-bromo-2,4-pentadiene (0.90 g, 6.12 mmol) was
added. The mixture was warmed to 25 °C and cinnamyl bromide
(0.60 g, 3.06 mmol) was added. The isolation, after 3 days, fol-
lowing a partial separation (MPLC, silica gel, hexane) gave 410
mg of an oil containing 28% (by NMR) of the product as a 1:1
mixture of trienes. The mixture was separated by preparative
GLC (10 ft 10% Carbowax, 150 °C; retention time, 12 min) to
afford the pure compounds. NMR (CCl,) (1-phenyl-1,5,7-octa-
triene): 2.2 (m, 4, CH,CH,), 4.8-5.36 (m, 2, =CH,), 5.66—6.56 (m,
4,=CH), 6.3 (d, J = 16 Hz, 1, PACH=CH), 7.23 (s, 5, ArH). Anal.
(C4Hye): C, H. NMR (CCl,) (1-phenyl-4-vinyl-1,5-hexadiene):
2.5 (t,J = 6 Hz, 2, CHy), 3.06-3.53 (m, 1, CH), 4.8-6.5 (m, 8, =CH,,
=CH), 7.23 (s, 5, ArH). Anal. (CyHe): C, H.

Reaction of Complex 3 with (a) Iodobenzene. Reaction of
Ni(COD), (1.16 g, 4.21 mmol), 1-bromo-2,4-hexadiene (0.68 g, 4.21
mmol), and iodobenzene (0.43 g, 2.1 mmol) gave, as described for
complex 2 above after routine isolation procedures and purification
(MPLC, silica gel, hexane) 0.15 g (46%) of pure product!® as a
colorless oil. NMR (CCl,): 6 1.75 (d, J = 6 Hz, 3, CHy), 3.33 (d,
J = 6 Hz, 2, CH,), 5.0-6.33 (m, 4, =CH), 7.2 (s, 5, ArH).

(b) 8-Bromostyrene. Treatment of Ni(COD), (1.31 g, 4.76
mmol) with 1-bromo-2,4-hexadiene (0.77 g, 4.76 mmol) and
trans-g-bromostyrene (0.44 g, 2.38 mmol) in THF followed by
isolation in the usual manner and the purification on silica gel
by MPLC eluting with hexane gave an oil (520 mg) containing
the product (60% based on NMR). It was separated by prepa-
rative GLC (10 ft 10% Carbowax, 180 °C, retention time, 9 min).
NMR (CCly): 4 1.7 (d, J = 6 Hz, 3, CHjy), 2.9 (t, J = 6 Hz, 2, CH,),
5.2-6.6 (m, 5,=CH,), 6.3 (d, J = 16 Hz, 1, a-H, PACH=CH), 7.15
(s, 5, ArH). Mass spectrum: m/e 184 (M*, parent ion). Anal.
(C14Hye): C, H.

(c) Cinnamy] Bromide. The modified procedure involving
the use of triphenylphosphine is analogous to that reported earlier
for the synthesis of 1-phenyl-1,5,7-octatriene. Thus reaction of
Ni(COD), (1.30 g, 4.7 mmol), 1-bromo-2,4-hexadiene (0.764 g, 4.7
mmol), cinnamyl bromide (0.47 g, 2.37 mmol), and triphenyl-
phosphine (1.24 g, 4.7 mmol) yielded the product (110 mg, 23%)
as an oil after separation by MPLC (silica gel, hexane). NMR
(CCL): 4 1.66 (d, J = 6 Hz, 3, CH,), 2-2.5 (m, 4, CH,), 4.7-6.4
(m, 6, =CH), 7.2 (s, 5, ArH). Mass spectrum: m/e 198 (M*,
parent ion). Anal. (Cy;Hyg): C, H.

Reactions of Complex 4 with (a) Iodobenzene. The nickel
complex (0.40 g, 1,09 mmol) cooled to -30 °C was dissolved in
10 mL of DMF also cooled to the same temperature. To the
resulting solution was added iodobenzene (0.22 g, 1.09 mmol), and
the mixture was warmed to room temperature and stirred for 1
day. The usual isolation followed by purification by medium-
pressure liquid chromatography (hexane) gave 72 mg (46%) of
the pure product!? as a colorless oil. NMR (CCl,): 8 3.5 (s, 2,
ArCH,), 4.8-5.4 (m, 4,=CH,), 6.4 (dd, J = 10 and 16 Hz, 1,=CH),

(15) A. V. Dombrovskii, Dokl. Akad. Nauk SSSR, 111, 827 (1956).
(16) H. J. Reich, S. K. Shah, and F. Chow, J. Am. Chem. Soc., 101,
6648 (1979).
( (17) G. Wittig and H. Duerr, Justus Liebigs Ann. Chem. 672, 55
1964).
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7.2 (S, 5, AI'H). Anal. (Cquz): C, H.

(b) B8-Bromostyrene. To the nickel complex (0.97 g, 2.63
mmol) cooled to —-30 °C was added the solution of trans-3-
bromostyrene (0.43 g, 2.36 mmol) in DMF (10 mL) also cooled
to -30 °C. the mixture was warmed to room temperature and
stirred for 2 days. The isolation in the usual manner followed
by separation on silica gel by MPLC with hexane as eluant gave
0.20 g (49.8%) of the desired product as a colorless oil. NMR
(CCl,): 4 3.06 (dd, J = 4 Hz, 2, CH,), 4.93-5.4 (m, 4, =CH,),
6.2-6.6 (m, 2, =CH), 6.4 (dd, J = 10 and 16 Hz, 1, Ph\CHCH),
7.2 (8,5, ArH). Anal. (C;3Hy,): C, H. Mass spectrum: m/e 170
(M*, parent ion).

(c) Cinnamyl Bromide. The reaction of the nickel complex
(0.738 g, 1.78 mmol) with cinnamyl bromide (0.35 g, 1.78 mmol)
in THF (20 mL) was carried out in a fashion similar to that
described above. Purification by MPLC on silica gel using hexane
for elution gave 52% (0.17 g) of the desired product. NMR (CCL):
6 2.4 (m, 4, CH,), 4.8-5.35 (m, 4, =CH,), 5.6-6.8 (m, 3, =CH),
7.25 (s, 5, ArH). Mass spectrum: m/e 184 (M?*, parent ion).

Synthesis of Myrcene (6). To the freshly prepared nickel
complex (0.62 g, 1.5 mmol) dissolved in THF (15 mL) was added
1-bromo-3-methyl-2-butene (0.34 g, 2.26 mmol) rapidly via a
syringe. After being stirred for 20 h at room temperature, the
mixture was filtered to remove the brownish yellow solid which
was repeatedly washed with pentane. The filtrate was washed
with water to remove THF and dried over MgSO,. Pentane was
removed by distillation to obtain an oil (0.25 g) containing 63%
of myreene.!® Preparative layer chromatography on silica gel
developing with hexane (R, 0.51) gave the pure product (0.13 g,
46%) in all respects identical with the authentic material.

B-Farnesene. With use of 0.26 g (0.62 mmol) of the nickel
complex and 0.20 g (0.93 mmol) of trans-geranyl bromide, the
reaction was carried out as in the case of myrcene. Isolation and
purification by the procedure similar to that described for myrcene
gave 0.15 g (78.5%) of the product mixture of (E)- and (Z)-8-
farnesene in the ratios of 81.3 and 18.6, respectively (calculated
based on GLC). NMR and IR spectra of the product were as
reported for B-farnesene.!?

Tagetol. The nickel complex (0.85 g, 2.0 mmol) and iso-
valeraldehyde (0.27 g, 3.1 mmol) were allowed to react in THF
at room temperature for 20 h and at 40 °C for 6 h. The reaction
mixture was treated with 1 mL of water and diluted with 20 mL
of ether. The organic layer was separated, washed with brine,
dried (MgS0,), and concentrated under rotary evaporator to
obtain a yellow oil which was purified by preparative layer
chromatography (Si gel, 2:1 hexane:ether, R, 0.58) (yield, 0.27 g
(56%)). 'H NMR and IR spectra were identical with that of
tagetol.

Preparation of Allylic Bromides. The allylic bromides for
the synthesis of complexes 1-3, 1-bromo-2,5-hexadiene,!® 1-
bromo-2,4-pentadiene,?! and 1-bromo-2,4-hexadiene,?! were syn-

(18) B. M. Mitzner, E. T. Theimer, L. Steinbeck, and J. Wolt, J. Org.
Chem., 30, 646 (1964).

(19) S. Tanaka, A. Yasuda, H. Yamamoto, and H. Nozaki, J. Am.
Chem. Soc., 97, 3251 (1975).

(20) C. A. Reece, J. 0. Rodin, R. G. Brownlee, W. G. Duncan, and R.
M. Silverstein, Tetrahedron, 24, 4249 (1968).
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thesized by published procedures. The 2-(bromomethyl)-1,3-
butadiene required for complex 4 was synthesized from 3-
methyl-2,5-dihydrothiophene 1,1-dioxide (from isoprene and SO,)2
by the following procedure.

3-(Bromomethyl)-2,5-dihydrothiophene 1-Oxide (13).
Freshly distilled methylene chloride (400 mL) was added to a
mixture containing 35 g (0.26 mol) of 3-methyl-2,5-dihydro-
thiophene 1,1-dioxide and 47.2 g (0.26 mol) of recrystallized
N-bromosuccinimide and 3 g of benzoyl peroxide. The mixture
was stirred and heated at gentle reflux in an oil bath kept at 50
°C. The reaction flask was simultaneously irradiated with light
from 500-W tungsten bulb to hasten the reaction. The reaction
was followed by TLC on silica gel developing with ethyl acetate.
Once all the NBS had been consumed, the flask was cooled to
25 °C and the solution filtered to remove the succinimide (25.0
g, 86.2%). The solvent was removed under vacuum and the
product recrystallized from 95% ethanol (41.0 g, 73.0%); mp 87-88
°C (lit.2 87-88 °C). 'H NMR (CCl,): 5 6.0 (m, 1, =CH), 4.03
(S, 2, CHzBl‘), 3.83 (S, 4, CHgSOg).

The (14) 2-(bromomethyl)-2,5-dihydrothiophene 1,1-dioxide
(3.1 g) was placed in a short-path distillation apparatus. At a
reduced pressure of ImmHg the flask was immersed rapidly in
an oil bath at 180 °C. No radical scavanger was added to the
distillation flask. The product (1.56 g, 72%) was collected in a
flask and cooled in Dry Ice/2-propanol bath. 'H NMR (CCL,):
6 4.26 (s, 2, CH,Br), 5.4 (m, 4, =CH), 6.5 (m, 1, =CH).
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Metal Complexes of Severely Crowded Molecules. Synthesis,
Structure, and Reactivities of the M(CO); (M = Cr, Mo, and
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The preparations of the metal tricarbonyl complexes (Cr, Mo, and W) of octamethylnaphthalene (OMN)
are described. The structure of the chromium complex was determined by single-crystal X-ray crystal-
lography [P1 space group, Z = 2,2 =9.326 (4) A, 5 =13.992 (3) 4, c = 7919 (2) A, a = 95.44 (2)°,8 =
115.00 (3)°, ¥ = 76.40 (2)°]. The chromium tricarbonyl fragment is = bound to one the six-membered rings.
The distortions of the metal-complexed OMN differ very little from the structure of the free ligand. The
thermal and photochemical reactions of the Cr complex with phosphorus donor ligands differed. Photolysis
of (OMN)Cr(CO); in the presence of triphenylphosphine produces purple (OMN)Cr(CO),PPh;, while heating
(OMN)Cr(CO); in neat trimethyl phosphite generates Cr(CO);[P(OCH,)s];. Maleic anhydride reacts with
(OMN)Cr(CO)4 to give two isomers resulting from a Diels-Alder addition to the free ring. The stereo-
chemistry of one of the isomers was determined by X-ray crystallography [P2,/c space group, Z = 4, a
=16.219 (6) A, b = 9.284 (3) A, ¢ = 16.718 (6) A, 8 = 118.07 (3)°] and was found to result from attack
of maleic anhydride on the side of the ring opposite the metal atom. The two isomers differ in the orientation
(exo and endo) of the anhydride group with respect to the aromatic ring. A comparison of the equilibrium
constants for the free ligand and the complex in the Diels—Alder reaction shows an enhancement of over
2 orders of magnitude for the metal complex. The difference is attributed to the increased strength of

interaction of the metal with the planar ring of the cycloaddition product.

Introduction

When substituents are placed in the peri positions of
naphthalene, a molecular distortion ensues caused by
nonbonding repulsive forces between these groups. By
changing the substituents, it has been possible to change
both the magnitude and even the mode of the distortions.!
At the extremes, two types are found. The first involves
an in-plane bend of the C1- and/or the C8-substituent
bond, I. The second involves a displacement of the sub-

stituents above and below the mean plane of the naph-
thalene ring, II. 1,8-Dimethylnaphthalene exhibits an
in-plane distortion? while larger groups such as bis(tri-
methylelement) (C, Ge, and Sn) force the out-of-plane
distortion to occur.>” The structural details of many of
these compounds have been examined by X-ray crystal-
lography?3%&10 and evaluated by using force field calcu-

(1) Balasubramaniyan, V. Chem. Rev. 1966, 66, 567.

(2) Bright, D.; Mazwell, I. E.; deBoer, J. J. Chem. Soc., Perkin Trans.
2 1973, 2101.

(3) Handal, J.; White, J. G.; Franck, R. W.; Yuh, Y. H.; Allinger, N.
L. J. Am. Chem. Soc. 1977, 99, 3345.

(4) Anderson, J. E.; Franck, R. W.; Mandella, W. L. J. Am. Chem. Soc.
1972, 94, 4608.

(5) Blount, J. F.; Cozzi, F.; Damewood, J. R., Jr.; Iroff, L. D.; Sjéstrand,
U.; Mislow, K. J. Am. Chem. Soc. 1980, 102, 99.

(6) Anet, F. A. L.; Donovan, D.; Sjéstrand, U.; Cozzi, F.; Mislow, K.
J. Am. Chem. Soc. 1980, 102, 1748.

(7) Hounshell, W. D.; Anet, F. A. L.; Cozzi, F.; Damewood, J. R., Jr.;
Johnson, C. A.; Sjéstrand, U.; Mislow, K. J. Am. Chem. Soc. 1980, 102,
5941.

(8) Einspuhr, H.; Robert, J. B.; Marsh, R. E.; Roberts, J. D. Acta
Crystallogr., Sect. B 1973, B29, 1611.

(9) Robert, J. B.; Sherfinski, J. S.; Marsh, R. E.; Roberts, J. D. J. Org.
Chem. 1974, 39, 1152.

(10) Herbstein, F, H. Acta Crystallogr., Sect. B 1979, B35, 1661.

lations.>*7 Molecules of the second type have the addi-
tional interesting feature of chirality. The barriers for
enantiomerization are typically too low to allow observation
for all but the bulkiest groups such as [(CHj)3Z],, where
Z = C, Ge, and Sn. Although the value of AG* for Z = C
is estimated to be greater than 24 kcal/mol,* the measured
value for 1,8-bis(trimethylgermyl)-4-(methoxymethyl)-
naphthalene is 7.5 £ 0.1 kcal/mol at -122 °C.7
Octamethylnaphthalene (OMN) fits into a subclass of
these systems in which both sets of peri positions are
substituted. After its synthesis!! in 1953, a single-crystal
X-ray crystallographic study showed!? that unlike 1,8-
dimethylnaphthalene, OMN distorts in an out-of-plane
fashion. This study also suggested that the structure is
that shown in III, but this was later questioned after a

study of octachloronaphthalene revealed'? that the chloro
substituents are distorted in a pairwise fashion, IV. Hart
and co-workers recently published! an efficient synthesis
of OMN and upon reinvestigating the X-ray crystallo-
graphic analysis indeed found that the molecule has the
structure shown in IV.1%

The effect of metal complexation of arenes on the con-
formation of the ligand itself recently was examined by
Mislow and co-workers!® in the chromium tricarbonyl
complex of hexaethylbenzene. In solution and the solid-
state structure of (7°-CgEtg)Cr(CO), the methyls are pos-

(11) Abadir, J. B.; Cook, J. W.; Gibson, D. T. J. Chem. Soc. 1953, 8.

(12) Donaldson, D. M.; Robertson, J. M. J. Chem. Soc. 1953, 17.

(13) Gafner, G.; Herbstein, F. H. Nature (London) 1963, 200, 130.

(14) Hart, H.; Teuerstein, A. Synthesis 1979, 693.

(15) Hart, H., personal communication.

(16) Hunter, G.; Iverson, D. J.; Mislow, K,; Blount, J. F. J. Am. Chem.
Soc. 1980, 102, 5942.
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Complexes of Severely Crowded Molecules

itioned alternatively above and below the plane of the
arene. Upon substitution of only one carbonyl with tri-
phenylphosphine all the methyls were forced to the side
of the ring which was opposite that of the metal.

We have initiated a study of the interaction of transition
metals with severely crowded naphthalenes and report here
our results on the synthesis, structure, and reactivity of
(octamethylnaphthalene)tricarbonylmetal (M = Cr, Mo,
and W) complexes.

Experimental Section

General Information. 'H NMR spectra were obtained on
Varian Models CFT-20 and X1.-100, as well as a Bruker 270 MHz
instrument. Infrared spectra were obtained on a Beckman Model
4250. All solvents were freshly distilled over sodium benzophenone
ketyl under nitrogen atmosphere unless stated otherwise. All
metal hexacarbonyls were purchased from Strem Chemical Co.
Octamethylnaphthalene!® and (CH;CN);M(CO); (M = Mo, W)!"1#
were prepared by using literature procedures. All elemental
analysess were obtained from Galbraith Laboratories.

(Octamethylnaphthalene)tricarbonylchromium(0).
Hexacarbonylchromium (2.1 g, 9.6 mmol) and OMN (2.3 g, 9.6
mmol) were placed into a 250-mL round-bottom flask, and dry
di-n-butyl ether (125 mL) was distilled into the reaction flask,
followed by 7 mL of dry tetrahydrofuran (THF). After being fitted
with a reflux condenser, the system was stirred, flushed with N,
and refluxed. After 24 h the solution was cooled, filtered through
a 2-cm layer of silica gel placed on a glass frit, and then rinsed
with a few milliliters of benzene. The solvent was removed on
a rotary evaporator with a 90 °C water bath to yield a dark red
solid. Recrystallization in benzene/hexane yielded dark red
crystals (52%) which are stable to air. Anal. Caled for C5Hp,CrOg:
C, 67.00; H, 6.44. Found: C, 67.07; H, 6.61.

(Octamethylnaphthalene)tricarbonylmolybdenum(0).
Tris(acetonitrile)tricarbonylmolybdenum (0.44 g, 1.5 mmo}) was
weighed into a Schlenk tube in an inert-atmosphere glovebox.
Octamethylnaphthalene (0.42 g, 1.8 mmol) and dried, deoxy-
genated hexane (20 mL) were added. A condenser was attached
to the Schlenk tube, and refluxing was maintained for 12 h, with
constant magnetic stirring. The solution was filtered hot under
N,, leaving insoluble (OMN)Mo(CO); as an orange, slightly air-
sensitive solid on the filter (ca. 30% yield). Recrystallization in
dry, deoxygenated CH,Cl,/hexane yielded bright orange crystals.
Anal. Caled for C, HyMo0O;: C, 60.00; H, 5.76. Found: C, 60.15;
H, 5.85.

(Octamethylnaphthalene)tricarbonyltungsten(0). Tris-
(acetonitrile)tricarbonyltungsten (1.14 g, 2.91 mmol) and OMN
(0.91 g, 3.78 mmol) were refluxed in 40 mL of dry hexane under
nitrogen atmosphere for 8 days. After heating was stopped, the
solution was filtered through a glass frit, followed by a hexane
rinse. The filter flask was then changed, and the solid mass on
the frit was rinsed repeatedly with methylene chloride to wash
out bright red (OMN)W(CO);. The solid obtained after evapo-
ration was recrystallized in dry, degassed CH,Cl,/hexane to give
bright orange-red crystals (0.26 g, 18% yield). Anal. Calcd for
Co1HyOsW: C, 49.63; H, 4.76. Found: C, 49.45; H, 4.79.

(Octamethylnaphthalene)dicarbonyl(triphenyl-
phosphine)chromium(0). (Octamethylnaphthalene)tri-
carbonylchromium (0.27 g, 0.72 mmol) and triphenylphosphine
(0.56 g, 2.15 mmol, recrystallized from ethanol) were irradiated
in 30 mL of dry hexane in a Schlenk tube with a Hanovia ul-
traviolet lamp for 8 h. The heat from the lamp was allowed to
reflux the reaction miture, and good stirring was maintained under
a N, atmosphere. The dark violet solution was filtered hot through
a glass frit and rinsed with hexane to obtain 0.15 g (34%) of a
violet solid which is stable to air. Recrystallization in dry, degassed
CH,Cl;/hexane yielded large, dark violet crystals. Anal. Caled
for C3aHaqCrPO,: C, 74.74; H, 6.44. Found: C, 75.00; H, 6.56.

Tricarbonyltris(trimethyl phosphite)chromium. (Octa-
methylnaphthalene)tricarbonylchromium (30.5 mg, 0.08 mmol)
was warmed to 70 °C in 2 mL of trimethyl phosphite under a

(17) King, R. B. J. Organomet. Chem. 1967, 8, 139.
(18) Tate, D. L.; Knipple, W. R.; Aigl, J. M. Inorg. Chem. 1962, 1, 433.
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nitrogen atmosphere. After being stirred for 2 h, the solution was
cooled in an ice bath. Octamethylnaphthalene crystallized from
the solution and was filtered off, after which trimethyl phosphite
was removed by vacuum distillation. The resulting light-colored
solid was rinsed with cold hexane, dried under vacuum, and
obtained in 57% yield as a moderately air-sensitive solid. Infrared
anal)lfgis indicated the presence of predominantly the facial iso-
mer.

[1,4,5,6-Tetramethyl-7,8-(tetramethylbenzo)bicyeclo-
[2.2.2]octa-5,7-diene-2,3-dicarboxylic anhydride]tri-
carbonylchromium ([OMN-MA]JCr(CO);). (Octamethyl-
naphthalene)tricarbonylchromium (601 mg, 1.6 mmol) and maleic
anhydride (783 mg, 8.0 mmol) were placed into a 25-mL round-
bottom flask; a reflux condensor fitted with a gas stopcock was
attached and the system was repeatedly evacuated and flushed
with nitrogen on a Schlenk line. Dry benzene (15 mL, distilled
over CaH,) was added quickly by syringe through the top of the
condensor. The dark red solution was allowed to reflux under
a nitrogen atmosphere with magnetic stirring for 21 h, by which
time the color had lightened considerably to orange-red. The
solution was cooled to room temperature and the benzene
evaporated leaving a red-yellow solid, which was completely re-
dissolved in about 10 mL of dry THF. Hexane was then added
to the cloud point, and the flask was cooled in a freezer. The first
crop of yellow crystals (206 mg) consisted of mainly the exo isomer.
A second crop (174 mg) obtained from the mother liquor consisted
of mainly the endo isomer. After the second crop was isolated,
the yellow filtrate was washed with two or three small portions
of water to remove excess maleic anhydride, dried over MgSO,,
and reduced in volume. An additional 198 mg of yellow crystals
consisting of mostly endo isomer was obtained, giving a total
isolated yield of 578 mg (76%). Complete separation of isomers
was readily accomplished on a silica gel column, eluted with 3/1
hexane/ethyl acetate. The exo isomer eluted fairly rapidly,
followed by the much slower endo isomer. Recrystallization in
THF /hexane afforded completely pure (OMN-MA)Cr(CO), as
the single isomers by the HPLC analysis. The final exo/endo
ratio is 2.3. Anal. Caled for CosHpgCrOq: C, 63.29; H, 5.52. Found:
C, 64.11; H, 5.73.

1,4,5,6-Tetramethyl-7,8-(tetramethylbenzo)bicyclo[2.2.2]-
octa-5,7-diene-2,3-dicarboxylic Anhydride (OMN-MA). A.
From Octamethylnaphthalene. Octamethylnaphthalene (584.6
mg, 2.43 mmol) and reagent grade maleic anhydride (7.15 g, 73.0
mmol) were placed into a 50-mL round-bottom flask, and 25 mL
of benzene was added. The solution turned immediately to a
bright red color due to formation of the charge-transfer complex.
The solution was refluxed with magnetic stirring for 65 h, after
which the solvent was evaporated to give a yellow solid. Water
was added to the flask with stirring to dissolve excess maleic
anhydride. Diethyl ether was added, and the contents were
transferred to a separatory funnel. The organic layer was extracted
twice with water and then evaporated to a white solid. Recrys-
tallization in methylene chloride/hexane afforded 486 mg (59%)
of both exo and endo isomers in a ratio of 7:1.

B. From (Octamethylnaphthalene-maleic anhydride)-
tricarbonylchromium. The readily separated (OMN-MA)Cr-
(CO); isomers can be treated to obtain the corresponding
OMN-MA adducts as single isomers.*® Thus, a single isomer of
(OMN:MA)Cr(CO); was irradiated in THF in the presence of
oxygen with a Hanovia ultraviolet quartz lamp in a round-bottom
flask with magnetic stirring. The flask was cooled with a rapid
stream of air to prevent any retro-Diels~Alder reaction from
occurring. After 6-8 h of irradiation, the resulting cloudy green
solution was filtered through a glass frit containing a layer of
diatomaceous earth, and the clear, colorless solution was evapo-
rated to a white solid. Recrystallization in THF /hexane afforded
a single isomer of pure (OMN-MA) adduct in essentially quan-
titative yield from (OMN-MA)Cr(CO);.

HPLC Analysis of Diels-Alder and Retro-Diels—Alder
Reactions. High-pressure liquid chromatography was performed
with a Waters Associates M-45 solvent delivery system equipped
with a Rheodyne 7125 injector and Beckman 153 UV analytical
detector. A Waters Associates 30-cm uPorasil silica column af-

(19) Mathieu, R.; Lenzi, M.; Poilblane, R, Inorg. Chem. 1970, 9, 2030.
(20) Jaouen, G. Ann. New York Acad. Sci. 1977, 295, 59.
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Table I. Data for the
X-ray Diffraction Study of (OMN)Cr(CO),

Crystal Parameters

crystal system = triclinic V=910 (1) A?

space group = P1 Z=2

a=9.326(4)A caled density = 1.37 g em™?
b=13.992(3)A temp = 22 °C
c=7919(2)A abs coeff = 6.73 em™*
a=95.44(2)° formula = C,,H,,CrO,

B =115.00(3)°

¥ = 76.40 (2)°

Measurement of Intensity Data
diffractometer = Enraf-Nonius CAD4
radiation = Mo K& (A = 0.710 69 A)
monochrometer = graphite crystal
scan speed = variable, see text
scanrange= 0° € 26 < 50°
reflections measd = th,zk,+!
check reflections = {0,8,0}, {6,0,0}, {38,3,-3}; measured

every 1.6 h
reflections collected = 3221 unique reflections; 2665 with
I> 2.50(1)
p=0.056
R=2.9%
R, = 4.4%

forded baseline separation of reaction components, eluting with
a 4/1 hexane/ethyl acetate solvent mixture (MCB glass distilled,
filtered through 5 um glass frit prior to use) at a rate of 3.0
mL/min (1500 psi). Stock solutions of OMN, OMN:-MA (each
isomer), (OMN)Cr(CO);, and (OMN-MA)Cr(CO); (each isomer)
in THF were injected at various concentrations to determine
standard concentration curves from peak heights and peak areas.

A. Chromium Complexes. One-milliliter solutions of the
complexes in benzene were prepared as in the (OMN-MA)Cr(CO);
synthesis. Contact of dissolved substrates with oxygen and
moisture was scrupulously avoided. A typical run was as follows.
(OMN)Cr(CQ),4 (10.8 mg, 0.029 mmol) and maleic anhydride (14.1
mg, 0.143 mmol) were refluxed in 1.0 mL of benzene under N,
with magnetic stirring for 26 h. Benzene was evaporated on a
rotary evaporator, and the solid was redissolved in 1.0 mL of dry
THF for HPLC analysis. (The adducts are more soluble in THF
at room temperature and stable when exposed to the atmosphere
for a short period of time.)

For the retro-Diels-Alder reaction, each isomer of (OMN-
MA)Cr(CO), was refluxed in benzene under Ny, covering the oil
bath system with foil to minimize exposure to light. Product
analysis was carried out by HPLC at various time intervals up
to 74 h.

B. Noncomplexed Ligands. No special precautions were used
to avoid contact of the substrates with oxygen. A typical
Diels—Alder reaction was as follows, Octamethylnaphthalene (36.1
mg, 0.15 mmol) and maleic anhydride (73.6 mg, 0.75 mmol) were
refluxed in 1.0 mL of benzene and analyzed by HPLC (in 1.0 mL
of THF as with the chromium complexes above) at various time
intervals up to 66 h.

A typical retro-Diels—Alder reaction was as follows. OMN-MA
(single isomer, 10.0 mg, 0.030 mmol) and maleic anhydride (11.6
mg, 0.12 mmol) were refluxed in 1.0 mL of benzene and analyzed
by HPLC at various intervals up to 116 h.

Collection and Reduction of the X-ray Data. Suitable red
crystals of (OMN)Cr(CO); (A) grown from solutions of benzene
and hexane were mounted on a glass fiber. Yellow crystals of
(OMN-MA)Cr(CO); (B) were grown in CH,Cl,/hexane mixtures.
A suitable crystal was mounted inside a Nj-filled capillary since
slow decomposition occurred in the presence of both air and light.
The crystals were centered and indexed by the Enraf-Nonius
CADA4-SDP peak search, centering, and indexing programs.? The

(21) All calculations were carried out on PDP 8A and 11/34 computers
using the Enraf-Nonius CAD 4-SDP programs. This crystallographic
computing package is described in: Frenz, B. A. In “Computing in
Crystallography”; Schenk, H., Olthof-Hazekamp, R., van Koningsveld,
H., Bassi, G. C., Eds.; Delft University Press: Delft, Holland, 1978; pp
64-71. Also “CAD 4 and SDP Users Manual”; Enraf-Nonius: Delft,
Holland, 1978.

Hull and Gladfelter
Table 11

Crystal Parameters
crystal system = monoclinic V= 2221 (3) A®
space group = P2,/c Z=4
a=16.219 (6) A caled density = 1.42 g em ™3
b=9.284 (3)A formula = C,,H,.CrO,
c=16.718 (6) A temp = 22°C
B=118.07 (3)° abs coeff = 5.80 cm™!

Measurement of Intensity Data
diffractometer = Enraf-Nonius CAD4
radiation = Mo Ka (A = 0.710 69 A)
monochrometer = graphite crystal
scan speed = variable, see text
scan range = 0° < 20 < 50°
reflections measd = +h,+k,z!/
check reflections = {8,0,0}, {~2,~4,-1}, {0,2,6}; measured
approximately every 150 reflections
reflections collected = 4319 unique reflections; 2013 with
I> 2.50(1)

Scheme [

048
0.048
B @0 Cr{CO
| n-Buz0/THF
Cr(CO)a

(CH3CN)3%O
i =
l

WI(CO)y Mo(CO)s

(CHaCN)3Mo(COMy
hexane

crystal systems were determined as triclinic for A and monoclinic
for B. The centrosymmetric space group P1 was chosen for A
and eventually verified by successful refinement of the structure.
The systematic absences in B uniquely identified the space group
as P2;/c. Summaries of the crystal data are presented in Tables
Tand II. Background counts were measured at both ends of the
scan range by using a «—26 scan, equal at each side to one-fourth
of the scan range of the peak. In this manner, the total duration
of measured background is equal to half of the time required for
the peak scan. The three check reflections in both A and B showed
no decay during the course of data collection. In both structures
the data intensity cutoff was set at I > 2.5¢1, which led to a total
of 2665 reflections of A and 2013 reflections for B.22 These were
corrected for Lorrentz, polarization, and background effects but
not for absorption.

Solution and Refinement of the Structure. The structures
were solved by conventional heavy-atom techniques. The chro-
mium atoms were located by a Patterson synthesis. Subsequent
structure factor and difference Fourier calculations revealed the
positions of the remaining nonhydrogen atoms.?® After several

(22) The intensity data were processed as described: “CAD 4 and SDP
Users Manual”; Enraf-Nonius: Delft, Holland, 1978. The net intensity
I = (K/NPI)(C - 2B), where K = 20.1166x (attenuator factor); NPI =
ratio of fastest possible scan rate to scan rate for the measurement, C =
total count, and B = total background count. The standard deviation in
the net intensity is given by 4*(I) = (K/NPI)?[C + 4B + (pI)?], where p
is a factor used to down weight intense reflections. The observed
structure factor amplitude F, is given by F, = (1/Lp)Y/?, where Lp =
Lorentz and polarization factors. The ¢(l)’s were converted to the esti-
E)a/t}a)% errors in the relative structure factors ¢(F,) and o(F,) = !/5(o-

(23) The function minimized was Sw(|F,} - |[F.])?, where w = 1/c*(F,).
The unweighted and weighted residuals are defined as R = (3 ||F,| ~
[Fl)/ ZIF| and R, = [(Zw(|F| - |F )Y/ (Z;w|F°|)2]1/ 2. The error in an
observation of unit weight is [T w(|F,| - |F))?/(NO - NV))]'/2, where NO
and NV are the number of observations and variables, respectively.
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Figure 1. Stereoview of (OMN)Cr(CO);.

cycles of full-matrix least-squares refinement the difference
Fourier calculations revealed the positions of every hydrogen atom
in A and many of them in B. The remaining hydrogen atom
positions in B could be caleulated by using 1.0 A for the C-H bond
distance and B(H) = B(C) + 1.0 for the isotropic temperature
factor. In the final least squares cycles the hydrogen atom pa-
rameters were not refined for B. However, in A both the position
and isotropic temperature factors of every hydrogen were refined
and were observed to converge normally, The values of the atomic
scattering factors used in the calculations were taken from the
usual tabulation,? and the effects of anomalous dispersion were
included for the nonhydrogen atoms. The hydrogen atom scat-
tering factors were taken from Cromer and Ibers’ list.? Tables
III and IV list the final positional and thermal parameters for
the structures.

Results

Synthesis of M(CO); Complexes. Scheme I shows the
routes to the group 6 metal tricarbonyl complexes of OMN.
The reactions proceed in moderate yields, with the ex-
ception of tungsten. These arene complexes are highly
crystalline and relatively stable to air in the solid state but
decompose in solution in the presence of oxygen. The
order of air stability in solution is Cr > W > Mo, with the
Cr complex stable over a period of hours and the Mo
complex decomposing within minutes in the absence of an
inert atmosphere. The spectroscopic properties of these
and of all the compounds studied are given in Table V.
The 'H NMR spectra of the OMN complexes deserve
comment. Although these structures are unsymmetric and
should give rise to eight resonances, only four are observed.
This is evidence that OMN is undergoing rapid ring flip-
ping as shown.

W

This result is not at all surprising, but it does experi-
mentally confirm that octamethylnaphthalene can undergo
this type of fluxional process. Due to the higher symmetry
of OMN itself this rearrangement is undetectable. At-
tempts to “freeze” the motion of the complexes were not
successful even at —100 °C by using a 270-MHz spectrom-
eter. The variable-temperature work did show a sub-
stantial temperature dependence of the chemical shifts of
every OMN complex.

Description of the Structure of (OMN)Cr(CO),.
Figure 1 is a stereoview showing the overall structure of
(OMN)Cr(CO);. The OMN ligand is bound to the Cr(CO),
group in the expected n® fashion. The structure of the
OMN ligand is the same as that in its uncomplexed form,'®
which corresponds to the chiral point group D,. The la-

(24) Cromer, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Table 2.2.4. Cromer, D, T. Ibid. Table 2.3.1.

(25) Cromer, D. T.; Ibers, J. A., in ref 24.

Figure 2. Atom labels for (OMN)Cr(CO),.

beling is shown in Figure 2.

Due to the repulsive interactions principally involving
the peri-methyl groups, the naphthalene ring system is
severely distorted. These distortions are reflected in the
bond distances and angles both within the ring and in-
volving the methyls as well. One of the largest single
effects of the distortions involves the expansion of the
C1/4-C9/10-C8/5 angle to an average of 123.8 (2)°. The
internal angles ahout C9/10 split the difference caused by
this increase and average 118.1 (5)°. The remaining in-
ternal angles in the ring show no effect of the distortion
and average 120.3 (7)°. The central C3-C10 bond distance
is elongated to 1.440 (2) A compared to 1.416 A in OMN.
As mentioned below this difference can be attributed to
the metal. The C9/10/10/9-C1/4/5/8-C11/14/15/18
angles increase with the overall average being 121.0 (5)°.
The distortions within these molecules are often best de-
scribed by the various torsion angles. The twist about the
C9~C10 bond is 19.3°, as measured by comparing the
planes containing C1-C9-C10-C8 and C4-C9-C10-C5.
The torsion angles C11/18/14/15-C1/8/4/5-C9/9/10/
10-C8/1/5/4 average to 20 (1)° which reflects the addi-
tional distortion of the peri-methyl groups further out of
the plane. A summary of distances and angles is given in
Tables VI and VII.

We were able to locate and refine the positions and
isotropic temperature factors of each of the methyl hy-
drogens. This now allows us to consider the orientation
of the methyls as well as to probe the H-H interactions
which are indeed causing the distortions. Both sets of
peri-methyl groups are oriented as schematically shown
in V. This orientation is similar to that of the methyl
groups found in the 1,8-bis(trimethylstannyl)- and 1,8-
bis(trimethylgermanyljnaphthalene® but differs from that
observed in the tert-butyl derivative which exhibits the
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idealized geometry,® VI. It would appear that in the less
crowded compounds the former geometry is preferred.

Further examination shows that between the peri-
methyl groups, two H-H contacts per methyl group are
less than the van der Waals contact (~2.5 A). As far as
the remaining methyl groups, there is one short contact
between each.

The distances each atom is displaced from the mean
plane consisting of C1 through C10 are shown in Figure
3. This, along with the facts mentioned above, indicates
that the Cr(CO); group has no effect on the mode of dis-
tortion and only a small effect on the magnitude of these
distortions. The most notable effects are the increases of
the bond distances C1-C2, C3—-C4, and C9-C10. These,
of course, are the carbon—carbon bonds containing the most
double-bond character. The increase averages about 0.03
A compared to OMN itself, which is similar to the increase
observed in (naphthalene)Cr(C0);% and can be attributed
to the filled metal w-type orbitals interacting with empty
7* orbitals.

A consideration of the Cr—C(arene) interaction shows
a set of five distances with an average of 2.25 (2) A. The
Cr-C9 distance is exceptionally long at 2.406 (2) A.
(Naphthalene)Cr(CO); also shows two sets of bond dis-
tances, however, they are symmetric with respect to the
mirror plane. The Cr—C9 and Cr—C10 values average 2.32
(2) A, while the remaining four bonds are 2.20 (1) A. This
phenomenon appears to be a general structural feature for
Cr(CO); complexes of polynuclear aromatics.?” The dif-
ference observed in (OMN)Cr(CO); appears because the
twist of the molecule forces C10 closer to the chromium.
Another way of considering the chromium-arene interac-
tion is as being partway between a planar arene system and
a cyclohexadienyl complex. In (55-C¢H,)Mn(CO); (VII),

Mn
C/c/ ¢

0 0
/
0
VII

the Mn—C4 bond distance is 2.76 A.2® Using the Cr—C9
distance of 2.409 (2) A and the average of 2.25 (2) A for
the remaining five Cr-C distances, (OMN)Cr(CO); is ap-
proximately one-third of the way toward a cyclohexadienyl
system. Another measure of this is the angle 8 which is
42° in the Mn compound and 38.6° in {(%°-
[(C,H,8;5)CeHICr(CO)4~ % In (OMN)Cr(CO); the dihe-
dral angle between the average plane comprised of C1-

(26) Kunz, V.; Nowacki, W. Helv. Chim. Acta 1967, 50, 1052.

(27) Cais, M.; Kaftory, M.; Kohn, D. H.; Tatrasky, D. J. Organomet.
Chem. 1979, 184, 103.

(28) Churchhill, M. R.; Scholer, F. R. Inorg. Chem. 1969, 8, 1950.

(29) Semmelhack, M. F.; Hall, H. T\, Jr.; Farina, R.; Yoshifuji, M.;
Clark, G.; Bargar, T.; Hirotsu, K.; Clardy, J. J. Am. Chem. Soc. 1979, 101,
3535.

Hull and Gladfelter

Figure 3. View of OMN ligand illustrating some of the effects
of the molecular distortions. The fractional value beside each
carbon is the distance below (+) or above (-) the average plane
described by the ring carbons (C1-C10). The Cr atom is located
above the Cl-containing ring. The values for C9 and C10 are
—0.031 and -0.033, respectively.

C2-C3-C4-C10 and C1-C9-C10 is 17.5°.

Description of the Structure of (exo-OMN-Ma)-
Cr(CO);. A stereoview with selected labels is shown in
Figure 4. The aromatic ring in the structure is planar and
binds the Cr(CO); group. The carbon—carbon bond dis-
tances around the ring are normal for (arene)tri-
carbonylchromium species. The average is 1.42 (2) A,
however, two of these, C9-C1 and C4-C10, are slightly
longer at 1.445 (5) and 1.439 (5) A, respectively. This could
result from the crowding discussed below or possibly be-
cause C9 and C10 are involved in a bicyclic ring system.
The Cr(CO); is located symmetrically below the aromatic
ring. The carbonyls, oriented in a staggered configuration,
exhibit normal metal-carbon and carbon—oxygen param-
eters. The six Cr-C(arene) bonds are essentially equal and
average 2.23 (2) A.

The interesting feature of the structure centers around
the distortions caused by the crowding between the methyl
groups C18-C11 and C14-C15. Carbons C5 and C8 are
now the two bridgehead atoms in the bicyclooctadiene ring
system. The methyls (C15 and C18) are clearly tilted away
from the aromatic ring methyls. This is easily seen by
comparing the angles C9-C8-C18 and C10-C5-C15 which
are 120.3 (3)° and 119.9 (4)°, respectively, with the angles
C7-C8-C18 and C6-C5-C15 of 112.6 (4)° and 110.9 (4)°.
The aromatic methyl groups in the 1- and 4-positions also
reflect this crowding, as measured by the angles C9-C1-
C11 or 122.8 (4)° and C10-C4-C14 of 123.4 (4)°. It is
interesting that in this structure, however, the distortions
are of the in-plane type. Specific distances and angles are
presented in Tables VIII and IX.

Metal-Centered Reactivity of (OMN)Cr(CO);. The
reactions of (OMN)Cr(CO); with group 5 donors is de-
pendent on the conditions. When dissolved in trimethyl
phosphite and warmed to 70 °C for 2.0 h, complete dis-
placement of OMN occurred (eq 1). Photolysis of

(OMN)Cr(CO); + P(OCH;)(excess) -%f—»

OMN + [P(OCH);]5Cr(CO); (1)
(OMN)Cr(CO); leads, however, to a different product.
Purple crystals of (OMN)Cr(CO),(PPh;) can be obtained

in reasonable yield by Pyrex-filtered UV irradiation of a
hexane solution of (OMN)Cr(CO); and PPh, (eq 2)

(OMN)Cr(CO); + PPh, —>
CO + (OMN)Cr(CO),PPh; (2)



Organometallics, Vol. 1, No. 2, 1982 269

Tqa(es)g + (e 1)g + au(z1)g + 1(e'8)g + 4(z°3)g + Y(1'1)g)-]1dxa st pjaurered [eurioyy d1doIjosiue a1} Jo WIOY Y], »

(g)osg () 6910 (z) a¥g0 (g) 8180~ OSTH (g) 8y (g) 89¥°0 (3) 9230 (z) 0¥%5°0 D11H
(9)6v (g) gg0'0~ (2) 0sg0 (g) v9g0— 49TH (9) 8'g (g) 6¥%g0 (3)318°0 (g) s¥go g4TTH
(g) 8¢ (8) ¥60°0 (1) L8230 (2) 182°0— VSIH (¢)ee (g) 090 (1) 1820 (z)09v°0 VIIH
(8) ¥'L (%) 9%1°0 (2) €090 (g) L62°0— 09TH (L)69 (¥) 90%°0 (2) 2vo'0 (g)gsv0 O%TH
(L) v9 (g) 980 () 1990 () gLz 0- 491H (8)o's (¥#) gs00 (3) 0010 (8)¥L¥0 42TH
(zr) g'gt (g)eggtr0 (g) 66¥%'0 (9) 9gg°0- VITH (6)6'8 (¥) L8380 (z) get10 (¥) 6950 V3TH
(8) 9L F)vLeo (2) 0g90 (g) 90170 OLTH (8)9L (¥)ger0- (z)8¢0°0 (g)g900 OETH
(L) 19 (8) 3320 (3) 1990 () sL00- dL1H (L)99 (¢)310°0- (z) 11070 (g) L¥2°0 deTH
(8) gL () 9gv°0 (2) 8190 () 1800~ VLIH (L)s9 (¥) 003" 0- (z)gsLo00 (e)oLT O VEIH
(g)ev (g) 6¥2°0 (%) ggg 0 (g) 6920 D8TH (9)Ls (g)881°0- (3) ggg0 (g)613°0— OVIH
(g)sv (g)zevo (z) vev0 (g) L9g0 d8TH (9)g¢ (g) 1T 0~ () 8s1°0 (g)oLt0- aviH
(9)zv (g)9vz0 (z) 18%°0 (2) 89¢°0 V8IH (9)sv (g) 13 0- (z)orTO (Z) o110~ V¥IH
Y‘g z £ x wole Yqg z £ x woje
(¥) 6000°0 (g) 98100 (g) L¥00° 0~ (¥) ¢9%0°0 (ST) 86L00°0 (2) L6000 (g) 89800 (3) L2380 () 1LLE0— SID
(g) 0800°0— (9) 18100 (¥) gg000 (g) 88200 (L1) 1180070 (g) 83100 (g) 38020 (3) 3625970 (¢)gLLB 0 91D
(¥) 6000°0— (9)eL10°0 (¢) 6100 0— (¥) 21300 (11) 2¥%00°0 (¥) 61200 (g) 0zB80 (3) LL09°0 (2) L9000 L1ID
(2) v000°0— (g) ¥010°0 (g) €800 0— (¥) 96100 (IT) 196000 (g) 8¥10°0 (g) 9z208°0 (3) 968%0 (2) 6630 81D
(¥) 80000 (8) LLOO'O (¢) ¥g00°0— (¥) 66100 (€1) 90L00°0 (2) 6800°0 (g) T00%°0 (2) 869830 (z) 18L%°0 110
(v) 11000 (g) 81200 (¥) 28000 (¥) 93200 (1) s%2L00°0 (g) g9100 (g) L6STO (z) ov1T10 (¢) L7L¥ 0 rATe)
(¥) 8600°0- (9) 9L10°0 (¥) £800°0— (¥) 68100 (21) 565000 (%) L8200 (g) 1280°0— (3) ¥£90°0 (g) L9910 £10
(¥) 6300°0— (9) 8800°0 (g) 6800°0— (¥) 6910°0 (Z1) 029000 (¢) 29100 (g) 12%1°0— (3) 1961°0 (g) 89€1°0— 14 %)
() 21000 (€) 35000 (2) 18000~ (g) 20100 (6) £2%00°0 (2) 06000 (z) 96110 (1) 9L0g°0 (z)9910°0 1] 56}
(8) 22000 (¥) 85000 (3) 02000~ (¢)oet100 (01) L¥S00°0 (3) 380070 (3) 3881’0 (1) 98920 (3) 6L3T1°0— <70}
(2) 02000 (¥) €800°0 (g) g100°0 (g) 82100 (11) 935000 (z) vo10°0 (3) 110370 (1) 619%°0 (2) 99210~ 90
(8) 11000 (¥) €800°0 (g) 9100°0~- (g) Lotoo (8) 60%00°0 (g)zv10°0 (3) 12930 (1) 010S°0 (2) 09100 LD
(g) LO0OO'O (¥) 19000 (3) gv00°0— (¢) 8010°0 (6) 6¥700°0 (3) 21100 (3) 989370 (1) 88%%°0 (g) 68810 8D
(g) L0000 (€) 99000 (3) 63000~ (2) 00100 (6) L¥¥00°0 (2) 9800°0 (3) ¢s1%°0 (1) go¥g0 (z) 29910 6D
(g) ¥100°0 (g) 68000 (3) ¥300°0— (g)0e100 (01) 315000 (3) 880070 (3) Logg O (1) ¥89%°0 (3) 69180 10
(g) 60000 () gg100 () 000 0— (g)9g100 (01) L0S00°0 (z2) ¥310°0 (3) 26¥%1°0 (1) ot81°0 (2) 09180 0
(g) 800070 (%) g310°0 (g) 9200°0— (g) gz100 (o1) 68%00°0 (¢) Lg10°0 (3) 09200 (1) 8951°0 (g)sv910 170
(g) 90000 (¥) ¥900°0 (3) 8%00°0— (g) 81100 (6) 987000 (2) 23100 (3) 61100 (r)9L12°0 (3) 12100 78]
(2) 1000°0— (¥) 82100 (g) 0€000— (g)ss100 (0T) 2¥%00°0 (g) ¥910°0 (¢) 65990 (1) 91020 (z) e162°0 €20
(g) 8000°0— (g) 85000 (g) 05000— (g) 9¥10°0 (0T) 28%¥00°0 (g)est0°0 (g) ye9g0 (1) 8050°0 (3) £%93°0 35D
(¥) 2¥00°0 (9) L2100 (g) s700°0— () ¥L10°0 (1) €¥L00°0 (g) 2g100 (g) 1vLE0 (2) 639170 (g) 91100 120
(2) 2200°0— (g) 19000 () 0900°0— (g)gz100 (11) 9%800°0 () 9200 (3) 623L°0 (1) L1120 (3) 61920 €20
(g) 11000 (9) ¥£00°0 (€) 0¥00° 0~ (%) ¥230°0 (8) ¥1%00°0 (g) L9G00 (g) 6¥68°0 (1) L1800 (%) gg28°0 320
(¥) 601070 (¥) 81800 (g) 0010°0~- (g) 9%800 (91) 00S10°0 (3) L1300 (g) 8e1¥°0 (g) L8¥T'0 (3) GL80°0— 130
(¥) ¥2000°0 (9) 6080070 (¥) 3200 0— (¥) 9%110°0 (1) g6200°0 (g) 990100 (%) LFLIEO (3) ¥¥18T°0 (g) LBSLTO D
(e'3)g (e'1)g (‘1) (g'e)g (z2)d (r'vg z £ x woge

Complexes of Severely Crowded Molecules

» (0D)ID(NIWO) 103 SUOHEIAS(] PIEPURIS PIIRWISH IDYJ, Pue S1ojourered [eulIdsy], pue [euolysod °III 31qeL



Hull and Gladfelter

270 Organometallics, Vol. 1, No. 2, 1982

e a)g + (e ng + yy(z g + Hee)d + 433 + U4(1T)g —1dxo s1 1030wered feuLay) dtdorjosiue ay) JO WI0J 3Y4], 5

(0) 0000°¢ (0) 099170~ (0) ve¥v 0 (0)og9t10 12H (0) oooL'g (0) 0820~ (o)grito (0) 92900 VSIH
(0) oo0T°€ (0) 569270~ (0) 006270~ (0)ggot0 0gH (0) 000%'¥ (0) L0580~ (0)gLLt O (0) 8gs%°0 OVIH
(0) 0000°% (0) 98300 (0) sgav 0— (0) goze'o O8TH (0) 000% ¥ (0) 6931°0— (0) 956270 (0) 61820 ga¥1H
(0) 0000'% (0) 3830°0— (0)2129°0— (0)ogt20 48TH (0) 000% ¥ (0) 0891°0— (0) L2320 (0) gL8T0 V¥ 1H
(0) 0000'% (0) 92900 (0) 081%°0— (0) 00820 V8IH (0) o00g'¥ (0) 1LEV0 0~ (0) 910870 (0) gL62°0 DETH
(0) 0002’V (0) 18800 (0) 16630~ (0) 668070 OLTH (0) 000€'% (0) 9100°0~ (0) 500370 (0) T16%°0 deT1H
(0) 0003V (0) 20300 (0) 19%% 0— (0) 39800 4LTH (0) oo0g'v (0) g3900 (0)gLLz o (0) oLsv0 VEIH
{0) 0002'% (0) 629070~ (0) 0ze8 0~ (0) 000070 VLIH (0) 0006°% (0) 68810 (0) ¥L90°0— (0)2ogso D3TH
(0) 0009°¢ (0) 91810~ (0) 8000°G (0) g910°0— D9TH (0) 0006'% (0)o6LT0 (0) L9010 (0) 88050 4214
(0) 0009 (0) 8IFT°0— (0) 8291°0— (0) 1950°0— qg9TH (0) 0006°% (0) 08310 (0) €L30°0 (0) 2990 VZ1IH
(0) 0009 (0) ¥828°0— (0) 2980°0— (0) €290 0— V9TIH (0) 0008°% (0)9¥31°0 (0) 81870~ (0) 9%8%0 OITH
(0) o00L°g (0) 956270~ (0) 108070~ (0) 02300 OSTH (0) 0008°% (0)ys¥vr0 (0) L¥8%°0— (0)oLve o d1tH
(0) oooLg (0) 192370~ (0) 36700 (0)s%210 das1H (0) 0008°¥% (0)gL8T0 (0) £S6T°0~ (0)gLE¥ 0 VITH
Y 'g z £ x uwo9je ¥ d z £ x wole
(L) 08000 (g) L9000 (L) 89000 (z) 99000 (8) L1100 (2) 55000 (g) LLot0 (9) 19200~ (eYoLrizo 980
(8) 0100~ (¥) €%00°0 (6) ¥200°0— (3) 35000 (0T) 1810°0 (€) 05000 (8) 06310 (L) 81610 () 10280 ¥20
(L) 11000~ (g) 88000 (L) 01000 () sgo000 (L) 68000 (2) ¥%00°0 (g)gs100— (9) gL91°0 (g) 289170 €20
(9) 3200°0— (g) 19000 (L) 6100°0— (2) 1v00°0 (L) 08000 (2) LY000 (g) 8LeT 0~ (g) vLeg 0~ (¢) #8080 440
(9) £200°0— (Z) L8000 (9) 28000~ (2) 18000 (9) 12000 (2) ¥g00°0 (g) €9%T°0— (g) 868¢°0— (g) 1212°0 120
(9) 81000~ (g) 83000 (1) 600070 (2) 93000 (L) €600°0 (3) ge00'0 (g)¢g13°0— (g) 8812°0— (2) 6L9T°0 0z0
(9) LEOO0— (g) 1€00°0 (8) ¥300°0— (3) £€300°0 (L) 86000 (g) 950070 (g) 68370 (9) 68LT 0~ (g)veve o 61D
(1) 2000°0 (8) 3300°0 (8) ¥300°0— (%) 99000 (9) 89000 (z) €900°0 (g) 08000 (9)28€v°0— (g) 18920 81D
(8) 28000~ (€) 3L0O0'0 (8) ¥900°0— (2) 9500°0 (6) 29100 (3) £900°0 (g) 12300 (L) s1ve 0 (g) 00L0°0 LIO
{6) L1000~ {¥) 85000 {8) 01000 (8) 36000 (01) 3810°0 {2) 1v00°0 (¥) 10910 {9) L960°0— (¢) 08100~ 91D
(8) 82000 (¥) 10000 (8) 02000 (¢) $%00°0 (6) 80100 (g) 8%00°0 () g9¥30— (9) 8L10°0 (¢) ¥880°0 g1o
(L) £800°0 (v) L8000 (8) 60000 (3) %000 (L) ¥800°0 (g) 850070 (g)01ST0~ (9) 82020 (g) 81930 IO
(8) 1000°0— () 19000 (8) 8100°0— (€) 99000 (L) 6L00°0 (3) ev00°0 (g) ¥%00°0 (9) ¥623°0 (e) v¥e¥ 0 )
(8) 3100°0— (¥) 91000 (8) 33000 (%) €%00°0 (6) 23100 (z) 17000 (g) L8¥%1°0 (9) ¥L10°0 (¢) 19090 310
(L) 92000 (¥) 31000 (8) 8100°0— (z) gg00°0 (8) 61100 (g) 87000 (g) LVET 0 (9) ¥682°0- (¢) L8680 110
(9) 10000~ (z) 02000 (L) 30000 (1) 82000 (9) ¥900°0 (3) 93000 (3) 968070~ (g) L9¥0°0— (2) LEET 0 01D
(g) ¥100°0— (3) L3000 (9) 2000°0— (1) 61000 (9) 09000 (2) 6200°0 (3) 88200~ (g) 69510~ (g) 182270 60
(9) 90000~ (3) 85000 (9) L0000~ (3) ¥300°0 (9) gL000 (2) 28000 (g) 81900 (g) 3662 0— (g) 09120 8D
(9) ¥%00° 0~ (g) 29000 (L) €800°0— (2) 98000 (£) 00100 (z) 88000 () evL00— (g) 839270 (g)sgrt0 LD
(L) 28000~ (¢) 0300°0 (L) 0000 (2) 19000 (L) 00100 (2) gg000 (g)o9ger0- (9) ¥9ST1°0— () ¥LLO°O 90
(9) 90000 (g) 0000 (L) €000°0 () €200°0 (L) 9L000 (3) #8000 () L1LT0- (g) ¥160°0— (g)ogsero g0
(9) L0000~ (3) 03000 (9) ¥000°0 (2) s800°0 (L) 2L00°0 (3) 98000 (g) 0180°0— (g) 9280°0 () 29820 i8]
(9) 21000~ (3) 08000 (9) ¥000°0— (2) £€800°0 (L) L0000 (3) 85000 () g%00°0— (g) ¥660°0 (g) egre0 €0
(9) €000~ (g) 9200°0 (9) L0000~ (3) 1800°0 (L) 88000 (g) $200°0 () 3v900 (g) 89000 (g) 00T¥'0 0
(9) 00000~ (2) 83000 (9) 21000 (2) 93000 (L) €800°0 (3) 08000 (3) vL50°0 (g)sge10— (g) L6sg0 0
(9) %100 (3) ¥S10°0 (9) 18100 (2) 06000 (1) 00200 (z) vo100 (g)zigt0 (g) g8L0°0- (z) 89810 g%0
(L) 99200~ (¥) 89000 (8) 92000 (2) 00100 (8) 2000 (2) 68000 (g) 1e81°0 (g)e8Le 0 (¢) L¥vego ¥20
(9) 07000 (8)SL00°0 (9) 16000 (2) 6800°0 (9)¥¥10°0 (2) 69000 (2) 26700~ (¥) 88820 (3) ¥960°0 €30
(1) 88000 (3) 18000 (9) ¢g00°0 (2) L8000 (9)9g10°0 (3) ¥900°0 (3) 1,.60°0— (¥) 92%% 0— (g) ¥L980 320
(g) L2000~ (%) 85000 (g) 9%00°0— (1) 8%00°0 (g) 88100 (1) L¥00°0 (3) ¥061°0~ (¥) 1¥92°0- (z) 61280 020
(g) 92000 (%) 9600°0 (9) 02000~ (1) L¥00°0 (9) 5¥10°0 (3) vo10°0 (3) 10630~ (¥) 1¥80°0— () 0T¥3°0 610
(1) 910070~ (2) €2800°0 (1) 30000 (2) €0£00°0 (6)9LL000 (2) 628000 (¥) 080%0°0 (6) 385500 () 902920 g)
(g'g)a (e'Dg (z'1)a (s'e)g (33)a (r'vg z £ x wose

2°(00)I0(VIN- NINO) 10] SUOHEIAd(] PIEPUE]S POJEWIIISH TIOY ], PUE SId)oWeIE  [BWLOY], PUC [RUOI)SOd Al SIqeL



Complexes of Severely Crowded Molecules

Organometallics, Vol. 1, No. 2, 1982 271

Table V. Spectroscopic Properties of OMN Derivatives

compd color Yco, cm™? 'H NMR &°¢ ref
(OMN)Cr(CO), red 19565, 1891 m, 1876 m  2.62 (6 H), 2.58 (6 H), 2.38 (6 H), 2.33 (6 H) a
(hexane)
(OMN)Mo(CO), yellow 1942 s, 1858 s (CH,Cl,) 2.60 (6 H), 2.54 (6 H), 2.43 (6 H), 2.31 (6 H) a
(OMN)W(CO), orange 1940s, 1843 s(CH,Cl,) 2.70 (6 H), 2.54 (6 H), 2.51 (6 H), 2.32 (6 H) a
(OMN)Cr(CO),(PPh,) purple 1855s,1791m (CH,Cl,) 7.19 (m, 15 H), 2.36 (6 H), 2.22 (6 H), 2.20 (6 H) 4

(endo-OMN -MA)Cr(CO), yellow 1955(s), 1877 m, 1776 w

(CH,CL,)
(ex0-OMN-MA)Cr(CO),

(CH,Cl,)
endo-OMN -MA white 1857 w, 1778 s (Nujol)
exo-OMN-MA white 1857 w, 1770 s (Nujol)

yvellow 1955 (s), 1877 m, 1776 w

2.12 (6 H)

3.06 (2 H), 2.53 (6 H), 2.22 (6 H), 2.18 (6 H),
1.83 (6 H)

3.02 (2 H), 2.43 (6 H), 2.21 (6 H), 2.18 (6 H),
1.88 (6 H)

3.13 (2 H), 2.50 (6 H), 2.23 (6 H), 2.20 (6 H),
1.74 (6 H)

2.97 (2 H), 2.40 (6 H), 2.25 (6 H), 2.15 (6 H),
1.77 (6 H)

oo o O

4 Spectrum obtained in CD,Cl, at 270 MHz. ? Spectrum obtained in CDCl, at 80 MHz. ¢ All resonances are singlets

unless otherwise noted.

Table VI. Interatomic Distances for (OMN)Cr(CO),

Table VII. Selected Bond Angles for (OMN)Cr(CO),

atoms dis, A atoms dis, & atoms angle, deg atoms angle, deg
Cr-C21 1.840(2) C6-C16 1.525 (3) C21-Cr-C22  87.32(9) Cr-C21-021 177.7(2)
Cr-C22 1.824 (2) C7-C17 1.518 (3) C21-Cr-C23  88.45(9) Cr-C22-022 178.6(2)
Cr-C23 1.833(2) C8-C18 1.516 (2) C22-Cr-C23  86.80 (8) Cr-C23-023 177.9(2)
Cr-C1 2.230(2) Cl11-H11A  1.04(2) C21-Cr-C1  155.79(9) Cr-C1-C11  120.2 (1)
Cr-C2 2.229(2) Cl11-H11B  1.04 (3) C21-Cr-C2  158.55(8) Cr-C2-C12  130.3 (1)
Cr-C3 2.264 (2) Cl11-H11C  0.97 (3) C21-Cr-C3  121.47(8) Cr-C3-C13  130.0(2)
Cr-C4 2.270(2) C12-HI1ZA  0.98(4) C21-Cr-C4  95.77(8) Cr-C4-Cl4  139.4 (2)
Cr-C9 2.406(2) C12-H12B  0.84(3) C21-Cr-C9  120.14 (8) Cr-C9-C8 143.3 (1)
Cr-C10 2.257(2) Cl12-H12C  1.07(3) C21-Cr-C10  94.00 (8) Cr-C10-C5  122.4 (1)
C21-021  1.156 (3) g}g*g}“ 0.95(3) C22-Cr-C1  116.59(8) (. co_03  119.7(2)
C22-022  1.154(2) “H13B - 0.96(3) C22-Cr-C2  83.19(8) (©o-c3-C4  120.9(2)
C13-H13C  0.99 (3) C22-Cr-C3  88.82(8)
C23-023  1.158(2) 515 H1ia 093 C3-C4-C10  119.9 (2)
C1-C2 1.399(3) (C14-H14B  0.82(3) C22-Cr-C9  152.42(8) (4.C10-C5 123.9 (2)
C2-C3 1.435(3) C14-H14C  0.95(3) C22-Cr-C10 151.44(7) (10 Co-01  117.9 (2)
C3-C4 1.400 (3) C15-H15A  0.96 (2) C23-Cr-C1 89.15 (7) C10-C9-C8 1184 (1)
C4-C10 1.452(2) C15-H15B  0.98 (3) C28-Cr-C2  112.49(8) (]-ce-Cs 123.7 (1)
C9-C10 1.440 (2) C15-H15C  0.88(3) C23-Cr-C3  149.52(8) (g_cg-o7 1200 (2)
C5-C6 1.365(3) C16-H16A  0.87 (4) C23-Cr-C4  158.86 (7) (g c7-06 120.3 (2)
C6-C7 1.424 (3) Cl6-H16B 0.95(3) C23-Cr-C9 95.83 (7) C7-C6-C5 121'6 (2)
C7-C8 1.374 (3) Cl16-H16C 1.13 (3) C23-Cr-C10 121.74 (7) C2-C1-C9 120:2 (2)
gfzgg i-ig‘; (2) C17-H17A  1.01(3) C1-Cr-C2 36.57 (7) C6-C5-C10  119.7(2)
cey, Mab(®) C1T-HITB - 0.96(3) C2-Cr-C3 37.24 (7) C5-C10-C9  117.6(2)
oe-cn 1 (2) C17-H17C  0.96 (3) C3-Cr-C4 35.99 (7) C9-C1-C1l 121.2(2)
c2-Gl1s 1513 53) C18-H18A  0.97(2) C4-Cr-C10  37.42(8) C9-C8-C18  120.4(2)
s G1s 1ois (3% c1s-H1sg 0.96 (3) C10-Cr-C9 35.78 (5) C2-C1-Cll  118.6(2)
cao1a 1eet Ci8-H18 0.94 (3) C9-Cr-C1 36.33 (6) C7-C8-C18  118.9(2)
514 (2) o C10-C4-C14 121.6(2)
C5-C15 1.519(3) C1-C2-C12 120.8(2) C10-C5-C15 120.8 (2
C3-C2-Cl2 119.4(2) (10075008 120.8 22;
Octamethylnaphthalene-Centered Reactivity of €2-C3-C18  119.0(2) g 05 C15  119.4(2)
(OMN)Cr(C0O);. (OMN)Cr(CO); was found to undergo gf‘z'gg'gl?’ 120.1 (2)
X LoV : ; : -C6-C16 117.6(2)
a Diels-Alder reaction with maleic anhydride. The isom- C5-C6-C16 120.8 (2)
eric compounds were conveniently separated by fractional C6-C7-C17 118.9 (2)
crystallization from benzene/hexane solutions or by C8-C7-C17 120.8(2)

chromatography.

Both yellow crystalline products were shown by ele-
mental and mass spectral analyses to have the formula
CoysHyCrOg 'H NMR and infrared spectral studies further
illustrated the similarities but gave no conclusive infor-
mation allowing the assignment of the stereochemistry.
Consideration of the reaction itself would give four possible
products, VIII-XI (Scheme II). An X-ray structural
analysis of one of the isomers proved that it had the
stereochemistry illustrated by VIII. Decomplexation of
the chromium from the ligand for each complex by pho-
tolysis under O, yielded the two separate isomers of
OMN-MA. This result allows us to immediately eliminate
X from consideration. We have no absolute proof which
would allow differentiation between IX and XI as the
second isomer, but the well-established steric directing
effect of the Cr(C0),?° makes attack of maleic anhydride

from the opposite side of the OMN the only reasonable
route. Therefore IX is assigned to the structure of the
second isomer.

The Diels—-Alder reaction of OMN itself was first re-
ported in 1953.1! The separation and assignment of the
individual isomers was later made by Oku and co-workers®
and was based on predicted shifts of the methine hydrogen.
Our data show that the original stereochemical assignment
of the OMN-MA isomers are reversed. From the X-ray
structural analysis of (exo-OMN-MA)Cr(CO); we know the
stereochemistry. The oxidative removal of the Cr gives
only one product which is the exo-OMN-MA having § 2.97.
Corresponding decomplexation of the (endo-OMN-MA)-
Cr(CO); gives only the endo product with § 3.13.

(30) Oku, A.; Ohnishi, Y.; Mashio, F. J. Org. Chem. 1972, 37, 4264.



272 Organometallics, Vol. 1, No. 2, 1982

Hull and Gladfelter

Figure 4. Stereoview and partial atom labels for (exo-OMN-MA)Cr(CO),. The basic OMN framework is numbered the same way
as is (OMN)Cr(CO);. The anhydride portion consists of C19 through C22. This numbering sequence was adopted for simplicity in
comparing the two structures and bears no resemblance to the usual nomenclature numbering sequence.

Table VIII. Bond Distances for (exo-OMN-MA)Cr(CO), Table IX. Bond Angles for (exo-OMN-MA)Cr(CO),
atoms dist, A atoms dist, A atoms angle, deg atoms angle, deg
Cr-C23 1.816 (5) C7-C6 1.329 (6) C23-Cr-C24 88.5(2) Cr-Cl1-Cl1 127.1(3)
Cr-C24 1.824 (5) C6-C5 1.534 (5) C23-Cr-C25  87.6(2) Cr-C2-C12 130.5 (3)
Cr-C25 1.816 (5) C5-C10 1.563 (5) C24-Cr-C25 88.0(2) gr—C3—Cl3 132.83(3)
_ C8-C21 1.595 (5) ~Cr~ r-C4-C14 129.2 (3
o S oa8ls) C21-C20  1511(8) ConGrCs  1510i3) Or-Co-C8 1877 )
' C21-C22 1.5610 (6) Oy : Cr-C10-C5 131.7 (3)
Cr-C3 2.253 (4) C23-Cr-C3  115.0 (2)
C22-022  1.179 (5) T

Cr-C4 2.214 (4) g7 g28  1ald2 C23-Cr-C4  89.1(2) C2-C1-C9 118.2 (4)
Cr-C9 2.258 (4) oo 00 19%¢ (5) C23-Cr-C9  119.8(2) C2-C1-C1l  118.9 (4)
Cr-C10 2199(4)  Gio 019 1is (5) C23-Cr-C10  91.4(2) C9-C1-Clil 122.8 (4)
) - 183 (5) C24-Cr-C1  114.2(2) C1-C2-C3 121.6 (4)

C23-023 1.168 (5) C19-C20 1.519 (6) C24-Cr-C2 c
C24-024 1159(5) C20-C5  1.558 (5) r 89.0(2) C1-C2-C12  120.2(4)
C25-025 1.156 (5) C24-Cr-C3 90.0 (2) C3-C2-C12 118.2 (4)
C1-C11 1.506 (5) C24-Cr-C4  116.6 (2) C2-C3-C4 120.2 (4)
C1-C2 1.405 (B) C2-C12 1.520 (6) C24-Cr-C9 151.7 (2) €C2-C3-C13 119.2 (4)
C2-C3 1.414(5)  C3-C13 1.504 (5) C24-Cr-C10 154.6(2) C4-C3-C13 120.6 (4)
C3-C4 1.418(5) C4-C14 1.520 (5) C25-Cr-C1 93.6 (2) C3-C4-C10 119.1 (4)
C4-C10 1.439 (5) C5-C15 1.529 (6) C25-Cr-C2 120.5 (2) C3-C4-Cl4 117.5 (4)
C10-C9  1.408(5) C6-C16  1.503 (8) C25-Cr-C3  157.2(2) C10-C4-Cl4  123.4 (4)
C9-C1 1.445(5)  C7-C17 1.500 (6) C25-Cr-C4  155.2(2) C5-C10-C9  112.7 (4)
C9-C8 1.554 (5) C8-C18 1.531 (6) C25-Cr-C9 93.6 (2) C4-C10-C5 127.0 (4)
C8-C7 1.529 (5) C25-Cr-C10 117.4 (2) C4-C10-C9  120.0(3)
o C1-C9-C8 125.7 (4)

C C .

In order to obtain a more quantitative evaluation of the c:})__g-cg 32? ﬁ; C10-C9-C1 120.6 (4)
effect of the Cr(CO); on the reactivity of OMN, we care- C3-Cr-C4 37.0 (1) S10-C9-C8 113.5(3)
fully monitored the reactions by using high-pressure liquid C4-Cr-C10 38.1(1) gig"gg'g? 119.9 (4)

; C10-Cr-C9  36.8 (1 -C5- 107.7(3)

chromatography. The following two effects were explored. (1) 10-C5-C20 102 2(3
g C9-Cr-C1 375 (1) :2(3)
How does the rate of reaction differ? Further, does the C6-C5-C15 110.9 (4)
Cr(CO); change the equilibrium constant for the reaction? Cr-C23-023 177.6(4) C6-C5-C20 106.4 (3)

After 66 h at 80 °C the estimates for the equilibrium are Cr-C24-024 179.3 (5) C15-C5-C20  108.7(3)
6 and 1 for the exo and endo isomer, respectively. This Cr-C25-025 178.5(5) C5-C6-Cle 120.5 (4)
is in reasonable agreement with previously reported C7-C6-C16  123.5(4) C5-C6-C7 115.9 (4)
measurement by Hart3! and Oku and co-workers® (sum- 82'83‘8%7 125.7(4) C20-C21-C22 104.9(3)
marized in Table X). Although the exo isomer is ther- 08:07:017 }igg Ei; ggi'ggg"ggo 109.3 (4)
modynamically favored, the less stable endo isomer is C7-C8-C18  112.6 (4) 020-_022—_02,22 }ggg Eig
formed more rapidly in the initial stage of the reaction. C7-C8-C9 106.9 (3) C22-020-C19 111.6 (4)
The equilibrium composition is also approached from a C7-C8-C21  105.6(3) (020-C19-019 120.3(5)
mixture of either the endo or exo isomer and 4 equiv of C9-C8-C18  120.3 (3) 020-C19-C20 109.3(4)
maleic anhydride. Unfortunately, quantitative measure- g?écgécél 1 104.3 (3) 019-C19-C20 130.4(5)
ment of the retro-Diels—Alder reaction was prohibited by CS-(_321:C§0 1(1)8(2) 8; 8%8’828‘8?1 104.7 (4)
side reactions of the starting adducts apparently caused C8-C21-C22 112.0(3) (5-C20-C21 iﬁg gé;

by the high initial concentrations of the adducts combined
with the longer reaction times. This was a particularly
difficult problem with the endo isomer.

Under identical conditions we found that (OMN)Cr-
(CO); reacted with MA at approximately the same rate as
OMN did. There was, however, a substantial difference

(31) Hart, H.; Oku, A. J. Org. Chem. 1972, 37, 4269.

in the equilibrium constants for the reaction. The average
values obtained from duplicate experiments were K(exo)
= 870 (average of 880 and 860) and K(endo) = 390 (average
of 400 and 380). The equilibrium again was approached
by starting with each isomer, but the reaction was so slow
it could not be accurately determined due to the small
amount of decomposition from oxygen. It is interesting
to note the exceptional thermal stability of the complexed
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Scheme 11

Cr{CO)x3
benzene
80 °C, 27 h
Cr(CO)3
0
-\= 6]
\ 7 0
Cr(CO)3
VIII IX XI
Table X. Summary of Diels-Alder Reaction of OMN with Maleic Anhydride
[OMN]/ temp, time, initial combined exo/
ref [MA] °C solvent h [OMN],M % yield endo
Ct
31 1 132 @/ 13.5 1 50.3 2.0
30 1 110 none 24 91 7.0
30 0.5 155 none 6 60 4.4
30 (retro-Diels-Alder) 0.5 155 none 6 0 80 4.4
this work 0.20 80 @ 66 0.150 81 7.14

Diels~Alder adducts relative to the free ligand.

Discussion

Ligand Substitution Reactions. The reactions in-
volving a direct change in the ligand environment around
the metal depend on the conditions. Thermally, substi-
tution of the OMN occurs with P(OCHj); to give Cr(C-
0)3{P(OCHj)4];. Photolysis, however, leads to the re-
placement of a carbon monoxide ligand. This difference
between ground- and excited-state reactivities has been
previously observed and was attributed to the idea that
a one-electron excitation will have a greater impact on a
two-electron donor compared to a six-electron donor.32

Diels-Alder Reaction. Distorted molecules such as
octamethylnaphthalene usually exhibit greater reactivity
relative to the unperturbed counterparts. One of the
principle goals of this work was to evaluate the effect of
metal complexation on this already unusual reactivity.
The reaction which was chosen for evaluation was the
cycloaddition of maleic anhydride. Since the original
synthesis of OMN,!! it was known to undergo Diels-Alder
reactions. The details of this reaction and of the reactions
of most of the polymethylnaphthalenes have since been
studied.:81

The conditions used in our experiments allowed a
straight-forward sampling procedure for monitoring the
reactions by high-pressure liquid chromatography and
decreased the likelihood of any thermal decomposition of
the metal complexes. In all the reactions conducted in
benzene, arene exchange was never observed. In fact, the
only time we did observe this reaction was during an at-
tempted preparative liquid chromatographic purification
of (OMN)Cr(CO);. When the material was eluted through
a silica gel column (200-400 um) with benzene, a mixture
of (n8-C¢Hg)Cr{CO); and (OMN)Cr(CO); was obtained.

(32) Geoffroy, G. L.; Wrighton, M. 8. “Organometallic
Photochemistry”; Academic Press: New York, 1979; p 79.

Despite the differences in our experimental conditions with
those previously studied (Table X), the results agree rea-
sonably well.

The corresponding reaction of maleic anhydride with
(OMN)Cr(CO)4 shows a greater than 2 orders-of-magni-
tude increase in the equilibrium constant. The nature of
this 3-4-kcal/mol difference in energy for the complexed
vs. the uncomplexed reaction is simply attributed to the
weakened Cr-ring bond in the starting material. As the
molecular structures clearly illustrate, all the Cr-C dis-
tances are longer in (OMN)Cr(CO); relative to the product.
In other words, as we proceed from starting material to
product the enhanced strength of the Cr-C(arene) inter-
action must be added to the overall energy change of the
reaction. This increased interaction of the Cr with the
arene is allowed as the ring becomes planar. Extension
of this idea to other reactions is straightforward. Any
reaction in which the steric crowding of the peri methyls
is relieved, complexation of a metal to the free ring should
push the reaction in the forward direction. We are par-
ticularly interested in exploiting this effect to assist in the
hydrogenation of OMN. As shown, the addition of H, to
the free ring at the peri positions will relieve the crowding
in this molecule (eq 3).

(3)
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Further Studies on the Molecular Dynamics of the Four-Electron
Bridging Carbonyl
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Both Mn,(CO)gs(dpm),, which contains only terminal carbonyls, and Mn,y(CO)s(dpm),, which contains
one u:n? (four-electron donor) carbonyl, are shown to be fluxional by 1*C NMR spectroscopy. Scrambling
in the hexacarbonyl occurs over both metal atoms with E, = 10.2 kcal/mol and log A = 12.1, while that
in pentacarbonyl involves only a wagging motion which results in disruption of the Dewar—Chatt portion
of the four-electron donor carbonyl with E, = 17.0 keal/mol and log A = 15.0. By selective 3'P decoupling
experiments, the chemical shift of the four-electron donor carbonyl is shown to fall in the chemical shift
region normally attributed to terminal carbonyls. Coupling of *C to 3!P is small (<5 Hz) through the

Dewar—Chatt portion of this type of carbonyl.

Introduction
The four-electron-donor carbonyl bridge, depicted for-
mally as I, is an organometallic structural unit of relatively
=4

i

M

I

recent vintage. The first example, contained in Mn,-
(CO)s(dpm),, IT (dpm = bis(diphenylphosphino)methane,
P Y
A
M Mr— o
JH\C\/ n
B S0
——————

II

Ph,PCH,PPh,), was reported in 1975 by Colton, Com-
mons, and Hoskins.! The five carbonyls in this molecule
are coplanar. Subsequent reports include Cp,NbMo-
(C0O)3Cp,2 CpyZr(0C)(OCMe)Mo(CO)Cp,® and
(CsMeg),ZrCo(CO)4(CsHy).* A cluster-bound analogue
occurs in HFe,(CO),5-, where one of the carbonyl ligands
donates a total of four electrons to all four iron atoms in
Fe,(CO),;H"® Finally an extreme example of carbonyl
Lewis basicity is found in Cpy;Nb3(CO)., where one CO
ligand lies obliquely over the Nbj, triangle and donates via
the carbon lone pair and both filled C=0 = orbitals.®

C\\
OC( [
P

(1) (a) Commons, C. J.; Hoskins, B. F. Aust. J. Chem. 1975, 28, 1663.
(b) Colton, R.; Commons, C. J. Ibid. 1975, 28, 1673.

(2) Pasynskii, A. A.; Skripkin, Yu. V.; Eremenko, L. L.; Kalinnikov, V.
T.; Aleksandrov, G. G.; Andrianov, V. G.; Struchkov, Yu. T. J. Organo-
met. Chem. 1979, 165, 49.

(3) Longato, B.; Norton, J. R.; Huffman, J. C.; Marsella, J. A.; Caulton,
K. G. J. Am. Chem. Soc. 1981, 108, 209.

(4) Barger, P. T.; Bercaw, J. E. J. Organomet. Chem. 1980, 201, C39.

(5) Manassero, M.; Sanasoni, M.; Longoni, G. J. Chem. Soc., Chem.
Commun. 1976, 919.

(6) Herrmann, W. A; Biersack, H.; Ziegler, M. L.; Weidenhammer, K.;
Siegel, R.; Rehder, D. J. Am. Chem. Soc. 1981, 103, 1692,

Carbon monoxide assumes the uy:n? functionality in
ligand-deficient situations; indeed, this structural unit is
generally formed by thermal or photochemical processes
which expel ligands (e.g., CO or CH,). Since such lig-
and-deficient situations are precisely those found on lightly
loaded metal surfaces, molecular examples of multipoint
attachment of CO represent an important opportunity to
examine the dynamics and reactivity of a catalytically
relevant moiety by use of spectroscopic methods.

Several years ago, we reported the results of a 3P NMR
study of Mn,(CO)s(dpm), which indicated that the mi-
grational processes depicted in eq 1 (bridging dpm ligands

o 0 0 0
g g ¢ ¢
|
OC——-Mno—r\]Anb—-—CO = 0C—Mn"———Mn—CO or
o 7
oJ\%C
OC—MnQ——\Mnb——CO (1)

c 9

0 0
are omitted for simplicity) are not facile.” The observed
inequivalence (at 30 °C) of the phosphorus nuclei attached
to different manganese atoms allowed us to set a lower
limit of 15.6 kcal/mol for the activation energy of eq 1.
This result is compatible with the notion that multipoint
carbonyl binding inhibits the characteristically facile
migrations of two-electron donor carbonyls.

We were therefore somewhat surprised by our more
recent result that reorientation of the six-electron donor
carbonyl in CpsNbs(CO), (eq 2) occurs with an activation
energy, E,, of 17 kecal/mol.® In order to examine this
situation more critically, we have returned to perhaps the

(7) Caulton, K. G.; Adair, P. J. Organomet. Chem. 1976, 114, C11.
(8) Lewis, L. N.; Caulton, K. G. Inorg. Chem. 1980, 189, 3201.
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nicating his results prior to publication.
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Further Studies on the Molecular Dynamics of the Four-Electron
Bridging Carbonyl
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Both Mn,(CO)gs(dpm),, which contains only terminal carbonyls, and Mn,y(CO)s(dpm),, which contains
one u:n? (four-electron donor) carbonyl, are shown to be fluxional by 1*C NMR spectroscopy. Scrambling
in the hexacarbonyl occurs over both metal atoms with E, = 10.2 kcal/mol and log A = 12.1, while that
in pentacarbonyl involves only a wagging motion which results in disruption of the Dewar—Chatt portion
of the four-electron donor carbonyl with E, = 17.0 keal/mol and log A = 15.0. By selective 3'P decoupling
experiments, the chemical shift of the four-electron donor carbonyl is shown to fall in the chemical shift
region normally attributed to terminal carbonyls. Coupling of *C to 3!P is small (<5 Hz) through the

Dewar—Chatt portion of this type of carbonyl.

Introduction
The four-electron-donor carbonyl bridge, depicted for-
mally as I, is an organometallic structural unit of relatively
=4

i

M

I

recent vintage. The first example, contained in Mn,-
(CO)s(dpm),, IT (dpm = bis(diphenylphosphino)methane,
P Y
A
M Mr— o
JH\C\/ n
B S0
——————

II

Ph,PCH,PPh,), was reported in 1975 by Colton, Com-
mons, and Hoskins.! The five carbonyls in this molecule
are coplanar. Subsequent reports include Cp,NbMo-
(C0O)3Cp,2 CpyZr(0C)(OCMe)Mo(CO)Cp,® and
(CsMeg),ZrCo(CO)4(CsHy).* A cluster-bound analogue
occurs in HFe,(CO),5-, where one of the carbonyl ligands
donates a total of four electrons to all four iron atoms in
Fe,(CO),;H"® Finally an extreme example of carbonyl
Lewis basicity is found in Cpy;Nb3(CO)., where one CO
ligand lies obliquely over the Nbj, triangle and donates via
the carbon lone pair and both filled C=0 = orbitals.®

C\\
OC( [
P

(1) (a) Commons, C. J.; Hoskins, B. F. Aust. J. Chem. 1975, 28, 1663.
(b) Colton, R.; Commons, C. J. Ibid. 1975, 28, 1673.

(2) Pasynskii, A. A.; Skripkin, Yu. V.; Eremenko, L. L.; Kalinnikov, V.
T.; Aleksandrov, G. G.; Andrianov, V. G.; Struchkov, Yu. T. J. Organo-
met. Chem. 1979, 165, 49.

(3) Longato, B.; Norton, J. R.; Huffman, J. C.; Marsella, J. A.; Caulton,
K. G. J. Am. Chem. Soc. 1981, 108, 209.

(4) Barger, P. T.; Bercaw, J. E. J. Organomet. Chem. 1980, 201, C39.

(5) Manassero, M.; Sanasoni, M.; Longoni, G. J. Chem. Soc., Chem.
Commun. 1976, 919.

(6) Herrmann, W. A; Biersack, H.; Ziegler, M. L.; Weidenhammer, K.;
Siegel, R.; Rehder, D. J. Am. Chem. Soc. 1981, 103, 1692,

Carbon monoxide assumes the uy:n? functionality in
ligand-deficient situations; indeed, this structural unit is
generally formed by thermal or photochemical processes
which expel ligands (e.g., CO or CH,). Since such lig-
and-deficient situations are precisely those found on lightly
loaded metal surfaces, molecular examples of multipoint
attachment of CO represent an important opportunity to
examine the dynamics and reactivity of a catalytically
relevant moiety by use of spectroscopic methods.

Several years ago, we reported the results of a 3P NMR
study of Mn,(CO)s(dpm), which indicated that the mi-
grational processes depicted in eq 1 (bridging dpm ligands

o 0 0 0
g g ¢ ¢
|
OC——-Mno—r\]Anb—-—CO = 0C—Mn"———Mn—CO or
o 7
oJ\%C
OC—MnQ——\Mnb——CO (1)

c 9

0 0
are omitted for simplicity) are not facile.” The observed
inequivalence (at 30 °C) of the phosphorus nuclei attached
to different manganese atoms allowed us to set a lower
limit of 15.6 kcal/mol for the activation energy of eq 1.
This result is compatible with the notion that multipoint
carbonyl binding inhibits the characteristically facile
migrations of two-electron donor carbonyls.

We were therefore somewhat surprised by our more
recent result that reorientation of the six-electron donor
carbonyl in CpsNbs(CO), (eq 2) occurs with an activation
energy, E,, of 17 kecal/mol.® In order to examine this
situation more critically, we have returned to perhaps the

(7) Caulton, K. G.; Adair, P. J. Organomet. Chem. 1976, 114, C11.
(8) Lewis, L. N.; Caulton, K. G. Inorg. Chem. 1980, 189, 3201.
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e = CpNb(CO),

simplest example, Mn,(CO)s(dpm),. This time, we have
examined the migrating nuclei directly using 1*C NMR.
This provides information which complements, but does
not duplicate, our earlier 3'P NMR study. Of equal im-
portance, this study yields unexpected information about
the spectroscopic characteristics of the four-electron donor
carbonyl.

Experimental Section

The compound Mny(CO);(dpm), was synthesized according to
the published procedure.!® Carbon-13 enrichment was achieved
by stirring a suspension of the complex under 0.5 atm of enriched
18CO (70%) at 140 °C in a mixture of xylenes for 8 days. The
resulting orange solution was then degassed, and heating was
continued for 1 day under 1 atm of N, (closed system) to yield
enriched Mn,(CO)s(dpm), as a red precipitate. From the orange
filtrate was obtained enriched Mny(CO)g(dpm),. The purity and
identity of these two complexes were confirmed by 3P NMR
spectroscopy.’

NMR spectra were obtained on a Varian XL 100 spectrometer
operating at 25.206 MHz for carbon and equipped with *'P de-
coupling capability. Methylene chloride solvent was used for all
spectra obtained at 30 °C and below. For high-temperature
spectra (>30 °C), 1,2-dichloroethane was used. Samples were
approximately 50% enriched, based on the relative intensities
of the u-CO bands at 1645 (1CO) and 1605 cm™ (13CO) of
Mn,(CO)s(dpm),. NMR solutions were approximately 30 mM
in manganese complex and 10 mM in Cr(acac);. None of the
spectra showed significant broadening by the quadrupolar man-
ganese nuclei. Temperatures were measured by means of a
thermometer inserted into the sample probe.

Dynamic NMR spectra were simulated with the program
DNMR.® Activation parameters for Mn,(CO)g(dpm), were derived
from spectra in the range -55 to -20 °C, while those for the
pentacarbonyl employed spectra in the range 5 to 75 °C. These
parameters were evaluated from a least-squares fit of the derived
rate constants.

Results

The poor solubility of Mn,(CO)s(dpm), necessitates 3CO
enrichment in order to obtain reliable data on ligand
migration. This enrichment was effected by taking ad-
vantage of the equilibrium® in eq 3. The forward and

Mn,y(CO)s(dpm); + CO = Mn,y(CO)g(dpm),  (3)

reverse steps of this reaction have been carried out at 25
and 140 °C, respectively.'”” The enrichment proceeds by
the agitation of Mn,(CO);(dpm), under ¥CO at 140 °C in
xylene.

The *C{*H} NMR spectrum of Mny(CO)s(dpm); in the
carbonyl region at —52 °C consists of a complex series of
overlapping resonances (Figure la). The coupling to
phosphorus represents an obstacle to assigning the spec-
trum. We therefore recorded the broad-band *'P-decou-
pled *C spectrum (Figure 1d). While no proton decoupling
was employed, this caused no significant broadening of the
carbonyl resonances. The 3C{®'P} NMR spectrum of
Mn,(CO);(dpm), at -52 °C shows a closely spaced cluster
of five lines in the region from 240 to 225 ppm. None of
these lines is due to Mn,(CO)q(dpm), impurity (see below).

(9) Mny(CO)g(dpm), adds p-CHC¢H,NC irreversibly in refluxing
xylene, subsequently displacing CO to give (u-ntn?-CH;CeH NC)Mn,-
(dpm),(CO),. Benner, L. S.; Olmstead, M. M,; Balch, A. L. J. Organomet.
Chem. 1977, 159, 289.
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240 228
Figure 1. Carbonyl region *C NMR spectra of Mny(CO);(dpm),
at -52 °C. (a) No °!P decoupling. (b) Selective decoupling of the
75.9-ppm P resonance. (c) Selective decoupling of the 59.5-ppm
31P resonance. (d) Broad-band P decoupling.

While this spectrum is in accord with the solid-state
structure, it is remarkable in that the four-electron donor
carbonyl exhibits a chemical shift in the “terminal carbonyl
region” and not further downfield in the region typical of
normal us:n' bridging carbonyls.?

Selective 3'P decoupling experiments make it possible
to assign most of this spectrum,. Irradiation of the 75.9-
ppm 3P resonance frequency (i.e., with the 59.5-ppm
phosphorus nuclei coupling to carbon) leaves two of the
carbonyl signals (B and E) as triplets (Figure 1b). These
carbonyls are therefore assigned as bonded to Mn® in II.
Irradiation of the other (59.5 ppm) phosphorus frequency
yields triplet patterns for lines A, C, and D. Thus, no
carbon couples significantly to both types of phosphorus.
These lines are then assigned to carbonyls bonded to
Mn?;1L12 gne of these three is then the resonance of the
four-electron-donor carbonyl. This permits the conclusion
that carbon in the uyn?-CO structural unit couples selec-
tively to the phosphorus to which it dative bonds through
carbon but that coupling to phoshorus through the =-donor
orbital is small (<5 Hz).

The course of the ligand migration process is best ob-
served in the completely 3!P decoupled spectrum (Figure

(10) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, 77, 1.

(11) This assignment of resonances A, C, and D to carbons bound to
Mnt* in II is not arbitrary, nor is it based simply on arguments about the
magnitude of J(P-C). The nature of the nuclear permutation deduced
under Discussion uniquely leads to this assignment.

(12) These experiments also indicate that the 75.9-ppm phosphorus
xﬁm&ei are bonded to Mn* and the 59.5-ppm phoshorus nuclei reside on

n®,
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Table I. Carbonyl Ligand **C Chemical Shifts
in Mn,(CO),(dpm),

chemical shift (ppm)

239.8
237.5
233.8
226.8
224.9
(A+C)2 237.4
(B + Eyo 231.5

resonance

HOOW

¢ Observed position above coalescence temperature.

2). As the temperature is raised, resonances A, B, C, and
E (see Figure 1d for labels) broaden and selectively
coalesce, while resonance D remains sharp. The selective
character of the coalescence lies in the fact that lines A,
B, C, and E coalesce to two lines. On the basis of the
averaged chemical shifts, we can show that lines A and C
merge to one line, while B and E merge to a second line.
Differential line broadening is evident in the spectra in the
range 30-75 °C, but this is caused by the fact that reso-
nances A and C are separated by a smaller gap (133 Hz
at =75 °C, 152 Hz at -30 °C) than B and E (320 Hz) (see
Table I).

{A+C) (B+E)

AB C DE

Line-shape analysis (see below) shows that a single kinetic
process (one rate constant) is sufficient to reproduce this
differential line broadening.

By +75 °C, resonances A and C have coalesced to a
singlet (broad band *'P decoupled) which is nearly as sharp
as (unchanged) resonance D. The slower coalescence of
lines B and E leaves their merged resonance broader at
+75 °C. The coalesced pattern approximates the expected
2:2:1 intensity ratios for the assignment (reading upfield)
{A+ C), (B + E), and D. Selective *'P decoupling at +75
°C permits independent confirmation of the above con-
clusion that, within any pair of interchanging carbonyls,
the two nuclei are bound to the same metal atom. Thus,
decoupling at the 75.9-ppm 3P frequency broadens only
the central resonance (relative to the broad-band 3'P-de-
coupled spectrum), which was assigned as B + E (both on
Mnb). Decoupling at the 59.5-ppm phosphorus resonance
yields triplets for the resonance assigned as (A + C) and
D (both on Mn?); the (B + E) resonance is unaffected. The
connectivity and site-exchange required of these data are
contained in the following: [Mn% P(75.9 ppm); (A + C);
D] [Mn®: P(59.5 ppm); (B + E)].

For a number of reasons, it was deemed useful to ex-
amine the 3C NMR of Mn,(*3CO)s(dpm), (III).1* Curi-

ously, the 18C{'H} spectrum of this compound at 30 °C
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Figure 2. Variable-temperature 3C NMR spectra (carbonyl
region) of Mn,(CO)s(dpm), under conditions of broad-band 3P
decoupling.

shows only a quintet resonance in the carbonyl region (8
232.5), due to coupling to phosphorus (J = 10.3 Hz). Both
the single apparent chemical shift and the apparently
equivalent coupling to all four phosphorus nuclei speak
for a fluxional molecule. No single structural alternative
to III could account for these observations. At —75 °C, the
13C{31P} NMR spectrum of Mny(CO)4(dpm), consists of two
resonances, 234.8 and 226.5 ppm, of relative intensity ap-
proximately 2:1. In the phosphorus-coupled spectrum,
each resonance is broadened (v,/; = 30 Hz) sufficiently to
be consistent with unresolved coupling to *'P; the 3C{*'P}
broad-band NMR spectrum at -75 °C (Figure 3) is con-
siderably sharper (v;,, = 10 Hz).!® This confirms that
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Figure 3. Variable-temperature 3C NMR spectra (carbonyl

region) of Mny(CO)g(dpm), under conditions of broad-band 3P
decoupling.

Mn,(CO)4(dpm), exhibits global intramolecular carbonyl
scrambling and provides a useful standard for the ener-
getics of the rearrangement of the four-electron donor
carbonyl. In retrospect, it is clear that CO scrambling
between the two inequivalent sites in Mn,(CO)4(dpm), is
essential to the random enrichment which we seek in eq
3.

Discussion

We have detected a facile intramolecular (P-C coupling
is retained) rearrangement of the four-electron-donor
carbonyl in Mny(CO)s(dpm),. The rearrangement is of

(13) The room-temperature *C{*'P} spectrum is considerably sharper,
with ;5 ~ 3 Hz. At -75 °C, the fluxional processes are not completely
frozen, and the resulting hroadamng (or viscosity broadening) prevents
resolution of P-'3C coupling.
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Scheme I

\H\zjv:f\s)d/
3 4 /H/ \H\ 3 4

Scheme II

/

ek

Mn(CO) Mn(CO),

limited, not global, scope: it does not result in equivalence
of the two metal atoms in the molecule, and in this regard
it is consistent with our earlier 3P NMR results.” The
rearrangement creates a time-averaged molecular mirror
plane containing the metal-metal bond and the four
phosphorus nuclei but no mirror plane relating the two
metal atoms. Furthermore, the data show clearly that,
during the progress of the rearrangement, no carbonyl
ligand migrates to a terminal position on the second metal
(for example, see Scheme I). All such processes would lead
to quintets due to P coupling.

The limited character of the fluxional behavior of II
contrasts with the global migration observed in Fe,-
(CO)5[(Et0),POP(OEt),];.¥ The structure of the iron
complex differs from that of II in that it contains a sym-
metrical bridging carbon monoxide ligand. The very facile
process (coalescence temperature ~ -108 °C) in the sym-
metrically bridged iron complex involves all CO’s moving
to both metal centers.

The simplest mechanism which accomplishes the ob-
served coalescence is the limited but concerted wagging
process shown in eq 4 and Figure 4. This mechanism

+

[ i
_—aT—b &= |2—a b =
2 \(1 5 \ \
1 5
3
2\0/‘b/4 4
i I (4)
1 5

(14) Cotton, F. A.; Haines, R. J.; Hanson, B. E.; Sekutowski, J. C.
Inorg. Chem. 1978, 17, 2010.
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Figure 4. ORTEP drawings of the fluxional motion occurring in Mny(CO)s(dpm),.

equivalences the two carbonyls bound to Mnb, as is re-
quired by the phosphorus-coupled *C NMR data. It also
requires that resonances A and C are due to environments
3 and 1, or the reverse; a unique assignment cannot be
made with the available data, but this has no influence on
the conclusions drawn. Most importantly, the temperature
invariance of resonance D (now assigned to environment
2) arises in an unusual (but not unique) manner. While
this quasi-axial carbonyl undergoes a spatial movement
(Figure 4), it remains in an equivalent environment after
such rearrangement and, therefore, exhibits no lifetime
broadening.

The rearrangement mechanism in eq 4 appears to sac-
rifice the CO w-donor portion of the four-electron donor
unit during the process. The proposed transition state has
a geometry similar to that of Re,Cl;(dpm),.!° It is not
possible to achieve an 18-electron configuration at Mn® by
drawing a Mn=Mn double (covalent) bond in this struc-
ture. However, this transition state might reasonably
employ bond making concurrent with bond breaking (IV).

O
C// CO
/s /,
OC—Mr Mn
\C \CO
\\O
v

Such behavior is wholly analogous to that shown in the
ground-state structure of Cp,V,(CO);5 (V), where the net

Z°
b
V (CO)2Cp

< K

k1

result of two “semibridging” carbonyls is the formal do-
nation of a total of only two electrons to V®. It is this
proposed compensatory nature of the rearrangement in
Mn,(CO)s(dpm), which lowers the activation energy of an
otherwise unfavorable 18-electron — 16-electron trans-
formation. Line-shape analysis of the observed spectra
gives an E, of 10.2 kcal/mol (log A = 12.1) for Mn,-
(CO)¢(dpm), and E, = 17.0 kcal/mol (log A = 15.0) for
Mn,(CO)s(dpm),. Consequently, rearrangement of the
four-electron-donor carbonyl is found to cost only 6.8
kecal/mol more than that of a more conventional carbonyl
complex. Combining the frontier orbitals of the fragments
Mn(CO); and Mn(CO),,!” as shown in Scheme II, reveals
that the LUMO of the Cy, Mn,(CO), transition state re-
sides on the Mn(CO), fragment and is of the proper sym-

(15) Cotton, F. A.; Shive, L. W.; Stults, B. R. Inorg. Chem. 1976, 15,
2239,

(16) Huffman, J. C.; Lewis, L. N.; Caulton, K. G. Inorg. Chem. 1980,
19, 2755. Lewis, L. N.; Caulton, K. G. Ibid. 1980, 19, 1840.
(17) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058.

Figure 5. Space-filling scale model of the Mny(CO); unit in
Mn,(CO)s(dpm),.

metry (by) to accept from one filled = orbital of each of
the two carbonyls in question. The requisite empty orbital
is thus available for the interaction depicted in IV. Com-
parison of the activation energy in Mn,(CO);(dpm), with
that in Fe,(CO);[(Et0),POP(OEL),], is also warranted
since the b, orbital of this proposed intermediate is filled
in the latter compound. The iron compound exhibits in-
tramolecular carbonyl exchange at over 10° s at 100 °C.
The difference in ground-state structure tends to frustrate
any more detailed comparison, however.

Figure 5 shows a scale view of the Mn,(CO); plane with
all atoms drawn at their van der Waals radii. This
space-filling model reveals that the clockwise motion of
the four-electron-donor carbonyl which initiates the re-
arrangement in eq 4 will displace all other carbonyls in the
direction shown. The synchronous motion of all five
carbonyls is assured in particular by the close contact
between carbonyls 3 and 4, which flank the metal-metal
bond on different metal atoms.

The carbonyl migration in Mny(CO)g¢(dpm), is most
readily accomplished by the merry-go-round mechanism
shown in eq 5. Our DNMR result shows that the bridged

3
3 4 2 4
| [ 1 5
[
2 3
WH“‘ = etc. (B)
[ 5

carbonyl complex lies less than or equal to 10.2 kcal/mol
above the all-terminal ground state. While carbonyls
symmetrically bridging two manganese atoms are rare, an
example has been reported recently.’® The key question,
and the origin of our surprise at the fluxionality of Mn,-
(CO)¢(dpm),, is why this compound differs so much from
Mn,(CO),4, which appears stereochemically rigid at 30 °C
by 13C NMR and up to 130 °C by 170 NMR.!®* We suggest

(18) Lewis, L. N.; Huffman, J. C.; Caulton, K. G. Inorg. Chem. 1980,
19, 1246.
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that conformational differences around the Mn—Mn single
bond contribute to this difference.? Mn,(CO),, is stag-
gered. Mn,(CO)q(dpm), is, of course, eclipsed. While this
has not been established crystallographically for Mn,-
(CO)¢(dpm),, the Ph,PCH,PPh, linkage is too short to
span a staggered metal-metal bond 2.9-3.0 A long. Ec-
lipsed conformations are found in Re,Cl;(dpm),,t8
Mo,Cl,(dpm),,2'2 and the many M-M single bonded
species My(dpm),X,, (M = Rh, Pt, Pd).2'* An interesting
corollary of this argument is that the
Ph,PCH,CH,PPh,-bridged analogue, Mn,(CO)¢(dppe),,
is predicted to have a higher barrier to carbonyl scram-
bling. Re,Cl(dppe)s,? Mo,Br,(Ph,PCH,CH,;AsPh,),® and
W,Cl(dppe),* are all staggered.

Although we believe the steric consequences of the
phosphine bridge to be the most important consideration,
it should be noted that the stereochemical rigidity of
083(C0O),; is diminished upon phosphine substitution.
Thus, Os3(CO),, is only fluxional above 100 °C, while
0s3(CO),; P(Et); (VI) shows two-center carbonyl fluxion-
ality at room temperature (eq 6).2° On the other hand,

<l:o c]o
6 3
0C—0s 0s—C0° =
C(| 5 ’ }L
o €0 co
VI
o  co
OCS—-Cl)s 0s—C0O° = etc. (6)
4N
0 co* ¢od

e = 05(CO),; L = P(C,H,),

(19) (a) Hickey, J. P.; Wilkinson, J. R.; Todd, L. J. J. Organomet.
Chem. 1979, 179, 159. (b) Aime, S.; Milone, L.; Osella, D.; Hawkes, G.
E.; Randall, G. W. Ibid. 1979, 178, 171. (c) Kump, R. L.; Todd, L. J. Ibid.
1980, 194, C43.

(20) The importance of coplanarity in facile carbonyl scrambling has
been noted: Band, E.; Muetterties, E. L. Chem. Rev. 1978, 78, 639, and
references cited therein.

(21) (a) Abbott, E. H.; Bose, K. S.; Cotton, F. A.; Hall, W. T'; Seku-
towski, J. C. Inorg. Chem. 1978, 17, 3240. (b) For a summary of known
structures, see: Olmstead, M. M.; Lindsay, C. H.; Benner, L. S.; Balch,
A. L. J. Organomet. Chem. 1979, 179, 289,

(22) Cotton, F. A.; Stanley, G. G.; Walton, R. A. Inorg. Chem. 1978,
17, 2099.

(23) Cotton, F. A.; Fanwick, P. E,; Fitch, J. W.; Glicksman, H. D;
Walton, R. A. J. Am. Chem. Soc. 1979, 101, 1752.

(24) Cotton, F. A.; Felthouse, T. R.; Lay, D. G. J. Am. Chem. Soc.
1980, 102, 1431.
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axial Mny(CO)o(PPhy), like Mny(CO),,, is rigid.1%

Conclusion

Fluxional processes operate in both Mny(CO)¢(dpm),
and Mn,(CO)s(dpm),. These are in contrast to the non-
fluxional nature of the parent carbonyl complex. The
chemical shift of the p, carbonyl in Mn,(CO);(dpm), is in
the “normal” terminal carbonyl region. This result is
consistent with the observation of resonances at 229.9 and
227.8 ppm for the two carbonyl ligands in CpyZr{u-C(0O)-
Me) (u-CO)Mo(CO)Cp?® and suggests that 1*C NMR is not
diagnostic of four-electron donor carbonyl ligands. Cou-
pling constants from phoshorus to the carbonyl carbons
in Mny(CO),(dpm), (n = 5, 6) are in the range of values
(9-25 Hz) observed previously for cis geometry.l® Carbon
in the four-electron donor carbonyl exhibits little coupling
through metals to which the C-O #-donor bond is formed.
This is a feature which it shares with the typical Dewar—
Chatt bond to ethylene in Os(PPh),NO(CO)C,H,* (Jp_co
is observed, while Jp_¢,y, is unresolved).?

At the beginning of this paper, we proposed that the
four-electron bridging carbonyl might be a common
structural unit on lightly loaded metal surfaces. In all
probability, just such an example already exists in the
literature. A study?® of Mn, dimers in CO-doped low-
temperature matrices has produced a species of compo-
sition Mn,CO which exhibits a stretching frequency of 1683
cml. We suggest that this is not simply a carbon-bonded
bridging carbonyl but rather a four-electron donor, I. The
generality of this binding mode makes it an attractive
model for studies of dissociative chemisorption of CO.
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(Phenylthio)methaneboronic acid (1) was easily prepared from (phenylthio)methyllithium and trimethyl
borate and was converted to boronic esters 2. The pinacol ester 2b was efficiently deprotonated by lithium
diisopropylamide in tetrahydrofuran/ether/hexane to yield the lithio derivative 3 as its THF complex,
an isolable though air-sensitive solid. Evidence was also obtained that 1 was C-lithiated as well as B-butylated
by excess butyllithium. Reaction of 3 with primary alkyl halides yielded pinacol 1-(phenylthio)alkane-
1-boronates 5, which could also be deprotonated with LDA and reacted with alkyl halides to introduce
a second alkyl group. Reaction of 3 or lithiated 5 with carboxylic esters has efficiently yielded a-phenylthio
ketones 9, providing a uniquely general and regiospecific synthesis of this useful class of compounds. With
aldehydes and ketones, 3 or lithiated 5 behaves as Wittig reagents to provide high yields of enethiol ethers
12. Reaction of 3 or lithiated 5 with ethylene oxide resulted in a mixture of pinacol (hydroxyalkyl)boronic
ester (15) and cyclic boronic half ester (16). Pinacol bromo(phenylthio)methaneboronate (18) was prepared
by bromination of 3. Phenylmagnesium bromide converted 18 to pinacol phenyl(phenylthio)methaneboronate
{20), but this type of transformation failed with cyclohexylmagnesium bromide or butyllithium. Conversion
of pinacol 2-phenyl-1-(phenylthio)ethane-1-boronate (5b) to the 2-phenyl-1-iodoethane-1-boronate (22)
was accomplished with methyl iodide and sodium iodide in DMF. Conversion of the difficultly hydrolyzable

pinacol boronic ester group of 5b to a diethanolamine ester (7) was also accomplished.

Introduction

Carbanions stabilized by adjacent boron have recently
been generated by deprotonation of sterically hindered
organoboron compounds with hindered lithium dialkyl-
amides!™ and show promise as intermediates for organic
synthesis. Prior to these discoveries, boron-substituted
carbanions were accessible only through deboronation of
compounds having three or four boronic ester groups®® or
two boronic ester and one or two group 4 metal substitu-
ents on the same carbon’ or through deprotonation of
carboranes® or a borabenzene anion precursor.’ None of
these earlier routes could provide carbanions at low enough
cost to be considered for general synthetic organic pur-
poses. The substantial improvement in synthetic practi-
cality provided by the deprotonation of gem-diboronic
esters® immediately suggested the possibility that pairing
boron with another carbanion-stabilizing element might
lead to some new and useful synthetic operations. The
obvious choice of a second element was sulfur.

Deprotonation of organosulfur compounds has become
a widely used route to carbanions for synthetic purposes.
Examples include thioanisole,'%!! dithiane,!? cyclopropyl

(1) Preliminary communication: Matteson, D. S.; Arne, K. J. Am.
Chem. Soc. 1978, 100, 1325~1326.

(2) (a) Matteson, D. S.; Moody, R. J. J. Am. Chem. Soc. 1977, 99,
3196-3197. (b) Matteson, D. S.; Moody, R. J. Organometallics 1982, 1,
0000—0000

(3) (a) Rathke, M. W.; Kow, R. J. Am. Chem. Soc. 1972, 94, 6854—6856.
(b) Kow, R.; Rathke, M. W. J. Am. Chem. Soc. 1978, 95, 2715-2716.

(4) Subsequent to our preliminary communication:! (a) Mendoza, A.;
Matteson, D. S. J. Org. Chem. 1979, 44, 1352-1354. (b) Matteson, D. S.;
Majumdar, D. J. Chem. Soc., Chem. Commun. 1980, 39-40. (c) Wilson,
J. W. J. Organomet. Chem. 1980, 186, 297-300.

(5) Matteson, D. S.; Moody, R. J. J. Org. Chem. 1980, 45, 1091-1095.

(6) (a) Matteson, D. S.; Hagelee, L. A. J. Organomet. Chem. 1975, 93,
21-32. (b) Matteson, D. S. “Gmelins Handbuch der Anorganischen
Chemie”, 8th ed., New Supplement Series; Niedenzu, K.; Buschbeck,
K.-C., Eds.; Springer-Verlag: Berlin, 1977; Vol. 48, Part 16, pp 37-72. (c)
Matteson, D. S. Synthesis 1975, 147-158.

(7) (a) Matteson, D. S,; Larson, G. L. J. Organomet. Chem. 1973, 57,
225-230. (b) Matteson, D. S.; Wilcsek, R. J. Ibid. 1973, 57, 231-242. (c)
Matteson, D. S.; Jesthi, P. K. Ibid. 1976, 110, 25-37.

(8) Grimes, R. N. “Carboranes”; Academic Press: New York, 1970; pp
66-68.

(9) Ashe, A. J., III; Shu, P. J. Am. Chem. Soc. 1971, 93, 1804~-1805.

phenyl sulfide,’® dimethyl sulfide,'* PhSCH,SiMe;,'®
CH;OCH,SPh,'¢ CH;SCH,PO(OEt),,!” and PhSCH,CH-
(CHy),.'®*  We expected that reaction of a suitable sul-
fur-substituted carbanion with trimethyl borate would lead
to a sulfur-substituted boronic acid, which could be con-
verted to a variety of boronic ester derivatives. With
sufficient steric hindrance by the boronic ester group to
prevent attack on boron by a sterically hindered lithium
dialkylamide,? deprotonation of the carbon flanked by
boron and sulfur would be expected.

Results

Synthesis of (Phenylthio)methaneboronic Esters.
Treatment of (phenylthio)methyllithium! with trimethyl
borate followed by aqueous workup efficiently yielded
(phenylthio)methaneboronic acid (1), which was easily

o
PRSCHy > PASCHL 1 —> PRSCHBIOH), > PhSCHE )
o4
1 2 7
FeIN O~ O o OCH
37 ) aB  bE = = 3
o o ok e SO "OCH,

converted to (phenylthio)methaneboronic esters (2) by
standard methods. This very simple route to 2 is easily
operable on a 1-mol scale, and involves less effort and
potential hazard than the preparation of gem-diboronic
esters.5

Deprotonation-Methylation Studies. Exploration to
find conditions suitable for deprotonation of (phenyl-
thio)methaneboronic esters (2) was aided by proton NMR

(10) Corey, E. J.; Seebach, D. J. Org. Chem. 1966, 31, 4097-4099.

(11) Corey, E. J.; Jautelat, M. Tetrahedron Lett. 1968, 5787-5788.

(12) House, H. O. “Modern Synthetic Reactions”, 2nd ed., W. A.
Benjamin: Menlo Park, CA, 1972; pp 731-733.

(13) (a) Trost, B. M.; Keeley, D. E.; Bogdanowicz, M. J. J. Am. Chem.
Soc. 1973, 95, 3068-3070. (b) Trost, B. M.; Keeley, D. E.; Arndt, H. C.;
Rigby, J. H.; Bogdanowicz, M. M. Ibid. 1977, 99, 3080-3087.

(14) Peterson, D. J. J. Org. Chem. 1967, 32, 1717-1720.

(15) Carey, F. A,; Court, A. S. J. Org. Chem. 1972, 37, 939-943.

(16) Trost, B. M.; Miller, C. H. J. Am. Chem. Soc. 1975, 97, 7182-7183.

(17) Corey, E. J.; Schulman, J. L. J. Org. Chem. 1970, 35, 777-780.

(18) Dolak, T. M.; Bryson, T. A. Tetrahedron Lett, 1977, 1961-1964.
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Table I. Exploration of Conditions for Deprotonation of Pinacol (Phenylthio )methaneboronate (2b) and Methylation to
Pinacol 1-(Phenylthio)ethane-1-boronate (4)

deprotonation conditions

products, % yields®

base equiv other equiv solvent T, °C time, h 4 2b PhSCH,
LiTMP? 1 THF 25 5 70 15 10
LiTMP 1 DABCO¢ 1 THF 25 5 85 15 0
LiTMP 1 HMPA¢ 1 THF 25 21 45 45 5
LiTMP 1 ether 25 7 70 30 0
LiTMP 1 DABCO 1 ether 25 7 70 30 0
LiNRR'€ 1 isooctane -10 0.5 60 35 0
LiNRR'¢ 1.2 TMEDA’ 1.2 THF 0 3 85 15 0
LDA? 1.2 TMEDA 1.2 THF 0 3 85 15 0
LiO-t-Bu 1 DABCO 2 THF 0 21 0 60 25
LiCPh, 1 THF 25 14 0 100 0

%Estimated from the proton NMR spectrum. Where total is less than 100%, other products were present, including
PhSCH,CH,. Y Lithium 2,2,6,6-tetramethylpiperidide. ¢ 1,4-Diazabicyclo[2.2.2]octane, d Hexamethylphosphoramide.
€R = cyclohexyl, R' = isopropyl. f1,2-Bis(dimethylamino)ethane. £ Lithium diisopropylamide.

analysis of the products. After each trial set of conditions
for deprotonation of 2, methyl iodide was added and al-
lowed to react ~2 h at 2025 °C, the mixture was worked
up with aqueous acid, and the organic product was ana-
lyzed by proton NMR for PhSCH,, SCH,B, SCH(CH,B,
and SCH,CHj;, each of which gave distinctive signals at
60 MHz.

The first attempts at deprotonation were made with the
ethylene glycol ester 2a and all failed totally. Bases tried
included lithium 2,2,6,6-tetramethylpiperidide (LiTMP),
n- and tert-butyllithium, and lithium tert-butoxide in
tetrahydrofuran (THF). Additives, including hexa-
methylphosphoramide (HMPA), 1,4-diazabicyclo[2.2.2]-
octane (DABCO), or 1,2-bis(dimethylamino)ethane
(TMEDA), did not help. The major product was always
recovered (phenylthio)methaneboronic acid (1), often with
lesser amounts of thioanisole (PhSCH;) and sometimes
ethyl phenyl sulfide (PhSCH,CHjg). Thus, it appeared that
these bases coordinate with the relatively unhindered
boron atom of 2a to form tetrahedral borates, which in
some cases deboronate to a small extent to form
PhSCH,Li.

Successful deprotonation was immediately achieved with
the sterically hindered pinacol ester 2b. Pinacol lithio

PrscH,E T s PhééHBﬁO SHsl, PhSCHBfO+
¢ o:‘: oj: oy O
2b 3 4

(phenylthio)methaneboronate (3) often precipitated from

concentrated THF solutions and was readily methylated

in situ to form pinacol 1-(phenylthio)ethane-1-boronate

(4). Results are summarized in Table I. It may be noted

that yields of 4 were generally good and not very sensitive

to the base or conditions. The only failures encountered

with the bases tested were with lithium tert-butoxide and
triphenylmethyllithium.

Since lithium diisopropylamide (LDA) led to as high
yields of 4 as any of the bases tested and is convenient and
inexpensive, it was chosen for all further work. In some
of the reactions where 3 was used in situ to be described
in the remainder of this article, TMEDA was included as
a lithium ion complexing agent, but its relevance is highly
doubtful for reasons to be pointed out in the following
section on the isolation of 3. Early results seemed to in-
dicate that the use of TMEDA or DABCO improved the
yields of 4 somewhat, and this impression was reinforced
by the finding in concurrent work that TMEDA was ab-
solutely essential in the deprotonation of propanediol
methanediboronate.?

Deprotonation of other (phenylthio)methaneboronic
esters (2) was examined briefly, with LITMP used as base

and THF as solvent. Yields of methylated product from
the 2,2-dimethyl-1,3-propanediol ester (2¢) were 55~-60%
and yields from the dimethyl ester 2d, zero. The pro-
panediol ester!® gave 45-50%. Thus, the steric hindrance
to base attack at boron provided by the pinacol ester group
appears to be essential.

An altogether different approach to deprotonation was
explored briefly with some success. Treatment of (phe-
nylthio)methaneboronic acid (1) with 3 equiv of n-butyl-

oL 1Bl o~
PRSCHyB(OR), —> PhSCH,B, .~ ——>PhSCHE "
aCHl by, ©OH)s.n
;
3.H,O Oered)

lithium in THF, with or without TMEDA, followed by
methyl iodide resulted in 90% methylation, estimated by
NMR. However, this C-methylation was incorporated into
a mixture of B-butylated products. Less butyllithium gave
less C-methylation and less B-butylation, and one equiv-
alent yielded none of either. Attempts to deprotonate 1
with 3 equiv of LDA, sodium hydride, or lithium hydride
led to no methylated product. The known deprotonation
of carboxylate salts® provides a sort of precedent for the
deprotonation of 1. We were discouraged from further
work on this system by the need for such a large excess
of butyllithium and the inherent problem of dealing with
a mixture of alkylborane products, even though the
PhSCH(R)-B group of interest is common to all of them.

Isolation of Pinacol Lithio(phenylthio)methane-
boronate (3). The precipitation of 3 during successful
deprotonations of 2b had been noted, and therefore the
isolation and characterization of 3 were undertaken. The
best yields of 3 precipitated from a mixture of THF, ether,
and petroleum ether, and after the solid was collected
under argon in a Schlenk apparatus and washed with ad-
ditional solvent mixture, 80-85% yields of 3 as the mo-
notetrahydrofuran complex were routinely obtained.
Though this material is highly hygroscopic and sensitive
to air, it yielded a satisfactory elemental analysis, and a
solution in pyridine-ds showed the correct proton NMR
spectrum for 3 (probably as an adduct with the solvent)
with 1 mol of THF. If protected from air, solid 3-THF
appeared stable indefinitely.

Not all of the factors involved in the preparation of 3
are understood, and on a few occasions the precipitate
proved fine or gummy and did not filter as rapidly as usual,
with yields reduced to 60-70%. This problem was not

(19) Mendoza, A.; Matteson, D. S, J. Organomet. Chem. 1978, 156,
149-157.
(20) Creger, P. L. J. Am. Chem. Soc. 1967, 89, 2500-2501.
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Table II. Alkylation of Pinacol
Lithio(phenylthio)methaneboronate (3) with Alkyl
Halides, RX, To Yield Pinacol
1-(Phenylthio)alkane-1-boronates 4 and 6

Matteson and Arne

Table III. Alkylation of Pinacol
1-(Phenylthio)alkane-1-boronates 4 and 5 by
Deprotonation with LDA and Treatment with
Alkyl Halides, R'X

pro- yield,® boronic bp, °C  yield,

RX method® duct % ester R R'X product (torr) %
CH,I A 4 83¢ 4 CH, CH,C(0,C,H,)- 6a 174(0.3) 71¢
CH,I 4 84 (CH,),Cl
n-C,H,Br A 5a  80° 52 n-Bu CH,I 6b 136 (0.1) 70
n-C ,H,Br B 5a 88 5a n-Bu n-BuBr 6¢c  150(0.2) 67
n-C,H,Cl A Ba 76¢ 5a n-Bu  PhCH,Br 6d 184 (0.5) 78
n-C H,I A 5a 79¢ 5b PhCH, CH,I 6e 160 (0.2) 77
g}iggif%g CH(CH,)CH,CH,Br 4 e 20 @ Reaction time 12 h, yield only 48% after 3 h.
PhCH, Br A 5b  50-57 . L
PhCH,Br B 5b  75¢ tion, handling in air, and general treatment as stable or-
(CH,),CHBr B 5e® 40° ganic compounds. The only inconvenience comes when

4 Method A is w1thout isolation of 3, B is with isolation
of 8, see text. P Distilled product. ¢ Yield contained in a
mlxture with 10-12% of unconverted 2b. ¢ We thank
Abel Mendoza for this result. € Mixed with equal amount
of 2b, not obtained pure.

frequent, and insufficient attention to excluding moisture
is suspected. The presence or absence of TMEDA in the
reaction mixture reproducibly showed no effect whatever
on the yield of isolated 3, and TMEDA was not incorpo-
rated into the precipitate. Products prepared from isolated
3 were generally very pure and free from any unreacted
boronic ester 2b.

Alkylations. As soon as the methylation studies had
established that pinacol (phenylthio)methaneboronate (2b)
could be deprotonated by LDA and the resulting lithio
derivative 3 methylated in situ, alkylations with other
primary halides were tried and found to yield pinacol
1-(phenylthio)alkane-1-boronates 5. Results are sum-

e LDA_ R'X T o
3 R e CHE| j: — R—S:—B:oi

PFS ! PhS
6
C R=CH,, R'= O/_\O
a, R.VH3(CH23 a, R:CHy R'=
b,  PhCH, CHE MCHy),

CHyCHy)y  CH
c. 1-BUCHCH(CHy, ¥ ®

¢k, € CHyCHyly CH3(CHy;
d, PhCCH,CH, d CrigCHpls,  PhCH,
e (CH3,CH e PhCH, CHg

marized in Table II, “method A”. It was later found that
filtering and washing the precipitated lithio derivative 3
before alkylation led to improved yields and purities of 5,
as shown in Table II, “method B”. Isolation of 3 was
crucial to obtaining a pure sample of the methylation
product 4.

Even with isolated 3, secondary halides gave poor results.
Isopropyl bromide yielded a 45/55 mixture of 5 and
starting material 2b according to NMR analysis. 2-Pentyl
bromide yielded only 10% of 5; 2-pentyl tosylate yielded
30~-50% of 5.

Selected alkylation products (4, 5a, 5b) were tested for
the possibility of a second deprotonation and alkylation.
Deprotonation was readily accomplished with LDA in
THF (without TMEDA). The lithio derivatives were all
soluble in the reaction medium and were readily alkylated
in situ to yield the dialkylated (phenyithio)methaneboronic
esters 6, summarized in Table III. Little if any of the
starting material 8 remained unconverted.

Hydrolysis and Oxidation of Pinacol Esters. Typ-
ical unhindered boronic esters hydrolyze immediately on
contact with water, but pinacol boronic esters do not.
Their unusual stability permits chromatography, extrac-

it is time to run a carbon-boron bond-breaking reaction.
For this purpose, it became desirable to find a way to
cleave the pinacol efficiently from the boron.

Many pinacol boronic esters form rapidly at 20 °C from
pinacol hydrate and the boronic acids, and the reverse
process can be very slow only if the equilibrium constant
for esterification is very high. Equilibria, including
water/ether partitioning, appeared to be the major prob-
lem in a series of explorations of the hydrolysis of pinacol
(phenylthio)methaneboronate (2b) by aqueous methanol
containing aluminum chloride, phosphoric acid, or boric
acid and ethanolamine, followed by dilution and extraction,
all of which yielded 50-70% of boronic acid (1). Turning
to a more sterically hindered and more relevant example,
treatment of pinacol 1-(phenylthio)-2-phenylethane-1-
boronate (5b) with methanol, boric acid, and ethanolamine
followed by water/ether partitioning and crystallization
from moist dichloromethane/petroleum ether yielded only
45% of the presumed boronic acid. Boiling 5b a few
minutes in 2 M sulfuric acid in 1:1 water/tetramethylene
sulfone, conditions vigorous enough to cause pinacol re-
arrangement, led to 58% of the presumed boronic acid,
not enough for a good synthetic process.

Diethanolamine forms stable, crystalline, chelated esters
with boronic acids.?! Treatment of 5b with diethanol-
amine in 2-propanol/ether resulted in crystallization of
analytically pure diethanolamine ester 7 (79-83%). This

O HOCH,CH %
PCH,CHE 2T TNH PNCH,CHBeNH
‘G- HOCH,CHy
PhS PhS O
5b 7

solves the hydrolysis problem in principle, since di-
ethanolamine esters are readily hydrolyzed by cold dilute
acid, as was illustrated by the conversion of 2b to the
diethanolamine ester (not characterized) to the boronic
acid 1 in 70% overall yield. A more recent related example
of diethanolamine ester hydrolysis has been reported.??

For oxidation of 5 to aldehyde equivalents, it is best to
bypass the hydrolysis problem by using the facile reaction
of 5 with N-chlorosuccinimide in methanol buffered with
triethylamine, which yields monothioacetals or acetals.'®

Several attempts to oxidize dialkylated (phenylthio)-
methaneboronic esters 6 to ketones have failed. For ex-
ample, 6¢ was not attacked by sodium perborate® or hy-
drogen peroxide and sodium acetate®® at 25 °C, and re-
fluxing overnight with alkaline sodium perborate resulted
mainly in protodeboronation to 5-(phenylthio)nonane ac-

(21) Letsinger, R. L.; Skoog, 1. J. Am. Chem. Soc. 1965, 77, 2491-2494.

(22) Matteson, D. S.; Ray, R. J. Am. Chem. Soc. 1980, 102, 7590-7591.

(28) Yamamoto, S.; Shiono, M.; Mukaiyama, T. Chem. Lett. 1973,
961-962.
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cording to NMR evidence. N-Chlorosuccinimide in
methanol®® failed to attack 6d even after extended reflux.

a-Phenylthio Ketones from Esters. By analogy to the
acylation of carbanions from 1,1-diboronic esters with
carboxylic esters to form ketones,? it was anticipated that
acylation of the carbanions from 1-(phenylthio)alkane-1-
boronic esters 2b, 4, and 5 with carboxylic esters would

0 4:50_

e
R'?‘B:Oi*CHsOC R — R- ? c R —>

PhS PhS OCH3
from 2b, 4, 5b
o

R-C=C-R’ H RcH-C-R

[ 7 —> ]
PrS Q-0 PhS

o 9 a R:H, R=CHyCH,CHy,
CHZO 0
8 b, R=H, R=—< )

€. R=H, R'=Ph;d, R=CHy, R'= (CHyLCH3;:

é—‘b g, R= PhCHQ;

€ R:CHy R'=Phf R:=CHy R’ MCH (CHCHs
proceed by way of a postulated enol borate intermediate
(8) to provide an efficient regiospecific synthesis of a-
phenylthio ketones 9, which are known to be useful syn-
thetic intermediates.* These reactions worked very well,
as shown in Table IV. Analogous acylation of 3 with
succinic anhydride yielded the y-keto acid 10, and lithiated
5a with y-butyrolactone formed the v-hydroxy ketone 11.

° 9
PhSCHB:O+< Co 5 PRSCHE CH,CH,COH

3 [ 10
9
BuCB (\o —— BuCH- ECH, CHoCH,OH
Pns
from S5a 1

Enethiol Ethers from Aldehydes and Ketones.
Again by analogy to 1,1-diboronic ester chemistry,? it was
expected that the carbanions derived from 2b, 4, and 5
would undergo Wittig type condensation with aldehydes
and ketones, with elimination of boron to form enethiol
ethers 12. These reactions were also successful, as shown

= R R’
R- C_B:O + O=C —> /C‘C

I 0 R” PhS R"
PhS 12
from 2b,5a,b

12a = PrsCH=(_ ). b, R-H, R=R":PN

¢, R=H, R,R"=Ph, (CH2>2CH3' d R= CHB(CH2)3,
R, R"=H, (CH2)5CH3, e R-= CH3(CH2)3, R R" =

Ho< ) 12t Ph;::sz:C:O

in Table V. On the basis of NMR spectra, it appeared
that mixtures of Z and E isomers were obtained where
possible. The reaction of lithiated 4 with methyl levulinate
showed the expected preference for carbanion attack at
the ketone group but provided a minor surprise in the total
hydrolysis of the methyl ester. Perhaps an intermediate
lactone (13) is formed, which undergoes elimination to
form the salt of the isolated carboxylic acid (14). The
major isomer of 14 crystallized, leaving an apparent mix-

(24) Trost, B. M.; Salzmann, T. N.; Hiroi, K. J. Am. Chem. Soc. 1976,
98, 4887-4902.

(25) (a) Kenney, W. J.; Walsh, J. A.; Davenport, D. A. J. Am. Chem.
Soc. 1961, 83, 4019-4022. (b) Delisle, A. Ber. Dtsch. Chem. Ges. 1889,
22, 306-309.
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+5 B
O.g” ¢
(CHRCOCHy . ]
oy ? A —> CHyE—GCH,CO,CH;
phs “CHy PhS CHy
from 4
%
O‘B\ o //O
— CH;C ——> CH3C=CCH,CH,COpH
] ] 1
PhS CH; PhS CHg
13 14

ture of isomers in the mother liquor.
Epoxide Openings. Reaction of 3 or lithiated 5a with

Jo) % o
R- CB j: A—)HOCHZCHQCB j: + R——B-CH
PhS PhS PhS
from 2b,5a 15 16a,R=H;
b,R=Bu

ethylene oxide occurred readily enough, but product iso-
lation was complicated by partial hydrolysis of the initially
formed pinacol boronic ester (15) to form a cyclic boronic
half ester (16), which was the product isolated in each case.
The investigation was not pursued to find a way to control
the reaction to produce either pure 15 or pure 16. How-
ever, reaction of 3 with cyclohexene oxide produced a single
product (17), in which the hydroxyl group is not in a
position to cyclize to the boronic ester group.

o
By

CH_
' Coe— T

17

Bromination. Isolation of the lithium salt 3 and bro-

0 RMgBr o
3+ Bry —>BP(‘:HBO T Br‘/CH‘B\O
Phs Or Rl g -

—>PhSCHB i + R-B i

20 R Phonly 21a R=Ph b R:=Bu:
¢, R=cyclohexy:

mination at -78 °C in ether yielded pinacol bromo(phe-
nylthio)methaneboronate (18), which could be purified on
a small scale by molecular distillation. Treatment of crude
18 with phenylmagnesium bromide was expected to yield
a B-phenyl borate complex (19a), which would rearrange
to pinacol (phenylthio)phenylmethaneboronate (20) if it
followed well-established precedent.??” However, the
yield of 20 was only 57% of impure material. A major
byproduct based on NMR evidence was the cleavage
product, pinacol phenylboronate (21a) (35%). When 18
was treated with butyllithium or cyclohexylmagnesium
bromide, no alkyl migration product analogous to 20 could
be detected, only the cleavage product 21b or 21¢ mixed
with unidentified byproducts. Thus, the hope of estab-
lishing a synthetic route to 1-(phenylthio)alkane-1-boronic
esters 5 not accessible by alkylation of 3 was not realized.
However, an indirect route to this goal involving some
analogous chemistry has been found more recently.?®

(26) Matteson, D. S.; Mah, R. W. H. J. Am. Chem. Soc. 1963, 85,
2599-260

27) Brown, H. C.; De Lue, N. R.; Yamamoto, Y.; Maruyama, K.;
Kasahara, T.; Murahashi, S.; Sonoda, A J. Org. Chem. 1977, 42,
4088-4092.

(28) Matteson, D. S.; Majumdar, D. J. Am. Chem. Soc. 1980, 102,
7588-7590.
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Table IV. Acylation of Lithiated Pinacol 1-(Phenylthio)alkane-1-buronates, RCLi(SPh)BO,C,Me,, by Esters or an
Anhydride To Yield a-Phenylhio Ketones, RCi1{SPh)COR', 9, 19, and 11

boronic ester R acylating agent R"CO,CH, or other product® yield, %
2b H CH,(CH,),CO,CH,? 9a 82
2b H ¢-C,H,,CO,CH, 9b 80
2b H PhCO,CH,¢ 9cd 75
2b H succinic anhydride 10°¢ 74
4 CH, CH,(CH,),CO,CH,’ 9d 81
4 CH, PhCO,CH, 9e 86
4 CH, CH,C(0,C,H,)(CH,),CO,CH,? 9fh 66
S5a n-Bu butyrolactone! 11 50
5b PhCH, CH,(CH,),CO,CH, 9g’ 82

2 Isolated by preparative TLC as analytically pure oils, except as noted. ? Added dropwise over 30 min period at 35 °C.
¢ Reacted with isolated 8. ¢ From aqueous ethanol, mp 53-54 °C (lit.>* mp 53-54 °C). ¢ From ether, mp 78-79 °C.
T Added at -78 °C. Addition at 0 °C yielded only 63%. & Impurity present by NMR, may have lowered yield of 9f.
’_’ Omitted washing with acid in order to preserve ketal. ' Added dropwise at 40 °C, probably not optimum conditions.

i Distilled, bp 161-163 °C (0.2 torr).

Table V. Wittig Condensation of Pinacol 1-Lithio-1-(phenylthio)alkane-1-boronates, RCLi(SPh)BO,C,Me,, with Aldehydes
or Ketones, R'COR'’, To Yield Enethiol Ethers, R'R'’'C=C(SPh)R, 12 and 14

boronic ester R aldehyde or ketone product bp, °C (torr) yield, %
2b H cyclohexanone 12a 110 (0.2)¢ 71
2b H PhCOPh 12b cryst® 71
2b H PhCOCH,CH,CH, 12¢° 130 (0.1) 82
5a n-Bu CH,(CH,),CHO ¢ 12d¢ 116 (0.1) 86
Ba n-Bu ¢-C,H,,CHO 12e€ 136-139 (0.1) 84
4 CH, CH,COCH,CH,CO,CH, 14°¢ cryst® 61
5b PhCH, cyclopentanone 12f 156-158 (0.25) 81

2 Lit.’s bp 133 °C (1.1 torr). P From aqueous ethanol, mp 68-70 °C (lit.'® mp 71 °C). € Mixture of £ and Z isomers.
d A 20% excess was used. ¢ Note that the product is a free carboxylic acid. One isomer crystallized first from ether/petro-
leum ether, mp 83-85°C. The second crop was a mixture of geometric isomers.

An a-Iodo Boronic Ester. 1-(Phenylthio)alkanes are
readily converted to 1-iodoalkanes by methyl iodide and
sodium iodide in dimethylformamide.!! When pinacol
1-(phenylthio)-2-phenylethane-1-boronate (5b) was sub-

5b—> PhCHZCHB:i . PnCF:CHB:I
1 ~ ~
22 23
PhMgB- NaBCs R

22

jected to the reported conditions, a low yield of pinacol
1-iodo-2-phenylethane-1-boronate (22) was obtained to-
gether with the 2-phenyletheneboronate (23). Reducing
the temperature to 25 °C and extending the time to 3 days
yielded mainly 22, though analytical purity was not
achieved. The structure of 22 was proved by replacement
of the halide with phenylmagnesium bromide?®® followed
by oxidation of the resulting pinacol 1,2-diphenylethane-
boronate with sodium perborate® to yield 1,2-diphenyl-
ethanol.

Previous syntheses of a-halo boronic esters had been
laborious® or restricted to a-branched carbon chains and
other special structural types.®® The method described
here has been extended to provide the most convenient
synthesis of iodomethaneboronic esters known to date.?!
However, for other general purposes this approach has
been superseded by the recently developed homologation
of boronic esters with dichloromethyllithium to yield «-
chloro boronic esters.?%%

(29) Matteson, D. S,; Jesthi, P. K. J. Organomet. Chem. 1976, 114, 1-7.

(30) (a) Matteson, D. 8. Intra-Sci. Chem. Rep. 1973, 7, 147-143. (b)
Matteson, D. S. Acc. Chem. Res. 1970, 3, 186-193. (c) Brown, H. C.; De
Lue, N. R.; Yamamoto, Y.; Maruyama, K. J. Org. Chem. 1977, 42,
3252-3254.

(31) Matteson, D. S.; Majumdar, D. J. Organomet. Chem. 1979, 170,
259-264.

Discussion

Our results show that pinacol (phenylthio)methane-
boronate (2b) by way of its lithio derivative (3) can furnish
a highly versatile connecting carbon for synthetic purposes.
It is possible to classify 3 as a formyl anion equivalent, but
3 can also function as a Wittig reagent and, in the reaction
with esters, as a new type of reagent entirely, a self-pro-
tecting source of PhSCH,™ for converting RCO,CH; to
RCOCH,SPh without further reaction of the ketone. Since
3 can be alkylated and the resulting 1-(phenylthio)al-
kane-1-boronic esters 5 can be lithiated and undergo a
similar range of reactions, convergent syntheses can be
designed in which two major fragments are ultimately
joined to the central carbon provided by 3.

Alkylation of 3 provides an efficient conversion of R-X
to R-CHO by way of the monothioacetal R-CH(SPh)-
OCHj; or acetal R-CH(OCH,),.1° There are a number of
other good routes from R-X to R-CHO, including the
well-known use of dithiane!? and the use of a methane-
diboronic ester.? The route most closely related to that
based on 3, and perhaps the most competitive from the
standpoint of efficiency and convenience, is that based on
alkylation of lithiated PhSCH,SiMe;.?? The use of 3 to
convert R-X to R-CH(SPh)OCHj, takes on added interest
in view of the recent report that monothioacetals can be
reduced to a-lithioalkyl methyl ethers, R-CHLiOCH,.%
A simpler alternative, described explicitly only in the case
of alkylation by an allylic halide, might be the use of
lithiated PhSCH,OCHj; to provide the monothioacetal
directly.’®* The most useful application of the alkylation
of 3 is likely to be to provide 1-(phenylthio)alkane-1-bo-
ronic esters 5 as synthetic intermediates for further car-
bon-carbon connections. Although this route to 5 is re-
stricted to primary alkyl halides R-X, the general availa-

(32) Kocienski, P. J. Tetrahedron Lett, 1980, 21, 1559-1562.
(33) Cohen, T.; Matz, J. R. J. Am. Chem. Soc. 1980, 102, 6300-6902.
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bility of a-chloro boronic esters R-CHCI-B(OR'), by ho-
mologation of R-B(OR’), has made it possible to synthesize
analogues of 5 containing branched alkyl groups R.2

The unique and most promising feature of a-phenylthio
boronic ester chemistry is the condensation of 3 or lithiated
5 with carboxylic esters to yield a-phenylthio ketones 9.
The synthetic utility of this class of compounds has been
demonstrated by Trost and co-workers.?* However, the
usual preparative route involves treatment of an enolate
with diphenyl disulfide? and is therefore not regiospecific
for unsymmetrical ketones. Our new route to 9 is re-
giospecific by nature and assembles the carbon skeleton
in the same operation.

The boronic ester group provides vital activation and
protection during the synthesis of 9, even though it is lost
in the process. It appears that the normal mode of reaction
of (phenylthio)methyllithium, PhSCH,Li, with carboxylic
esters, R-CO,CHj, is double addition to form the carbinol,
R-C(OH)(CH,SPh),.* If the carboxyl group is sterically
hindered, as in (CH3);CCO,CHj or poly(methyl meth-
acrylate), it is possible to obtain the alkyl (phenylthio)-
methyl ketone, R~-COCH,SPh, in good yield at the cost
of consuming two mols of the lithium reagent, the inter-
mediate which protects the ketone being R~-COCHLiSPh.%
The a-phenylthio ketone has also been obtained from the
reaction of lithiated isobutyl phenyl sulfide with methyl
benzoate, though not in good yield.!® Lithiation of higher
homologues of PhSCH; requires special conditions,'® and
it is not clear from the published report whether this
lithiation will work with any alkyl groups other than iso-
butyl or 2-methylalkyl. Thus, the general access to alkyl
groups provided by deprotonation of 5 is significant, as is
the comsumption of only 1 mol of 5 in the reaction to
produce 9.

As in the analogous reactions of propanediol lithio-
methanediboronate with carboxylic esters,? we postulate
that reactions of 3 or lithiated 5 with esters stop at the
ketone stage because of rapid rearrangement of the initial
adducts to stable boron enolates (8). Although the ex-
istence of 8 has not been proved and a few attempts to trap
such an intermediate by alkylation have been inconclusive,
8 should be thermodynamically stable. Boron—oxygen
bonds are 30-40 kcal/mol stronger than boron-carbon
bonds if the boron is tricoordinate, and on the basis of
measured pK values,” coordination to methoxide will have
a negligible effect. The exothermicity will be slightly
diminished as a result of converting a keto structure B—
C—C==0 to an enol C=C—O0O—B. Intramolecular 1,3-
suprafacial shift of boron is symmetry forbidden by the
Woodward-Hoffmann rules if the boron is kept firmly
tetracoordinate by the basicity of the ligands, but expulsion
of alkoxide to provide a vacant orbital voids the symmetry
restriction, and it seems likely that this or some other
mechanism for formation of 8 will have a low activation
energy.

The use of 3 or lithiated 5 as a-substituted Wittig
reagents in condensations with aldehydes or ketones to
produce enethiol ethers 12 also has considerable synthetic
potential. Enethiol ethers can be unmasked to aldehydes
or ketones, though the conditions are somewhat vigorous.®

(34) Sowerby, R. L.; Coates, R. M. J. Am. Chem. Soc. 1972, 94,
4758-4759.

(35) Bourguignon, J. J.; Galin, J. C. Macromolecules 1977, 10, 804-813.

(36) Finch, A.; Gardner, P. J. “Progress in Boron Chemistry”; Broth-
erton, R. J.; Steinberg, H., Eds.; Pergamon Press: Oxford, 1970; Vol. 3,
pp 177-210.

(37) Matteson, D. S.; Allies, P. G. J. Organomet. Chem. 1973, 54,
35-50.

(38) Mura, A. J., Jr.; Majetich, G.; Grieco, P. A,; Cohen, T. Tetrahe-
dron Lett. 1975, 4437-4440.

Organometallics, Vol. 1, No. 2, 1982 285

Allylic oxidation of enethiol ethers is a useful synthetic
operation.?® A prostaglandin synthesis utilizes enethiol
ethers prepared by means of the Wittig reagent
PhSCH=PPh,.®

Our results suggest that a-phenylthio boronic esters may
be the best reagents yet found for the Wittig route to
enethiol ethers, but there are alternatives to consider.
Yields from PhSCHLiSiMe;,'®* PhSCH=PPh,, or
BuSCH=PPh,* appear to average somewhat lower than
ours, and RSC(CHy)=PPh,*! is definitely inferior to
lithiated 5. Unprotected hydroxyl groups in sugars are
tolerated by PhASCH=PPh,,*? a feature which our reagents
cannot match. The phosphonate CH;SCHLiPO(OEt), can
also undergo Wittig reactions but shows a tendency to
promote aldol condensations.!”

The reaction of ethylene oxide with 3 or 5a appeared
to proceed in high yield, but the mixture of 15 and 16
produced is a nuisance from a synthetic point of view.
Presumably, this reaction could be adjusted to provide a
single product if there were sufficient incentive. However,
the silicon analogue of 3, PhSCHLiSiMe;,, already gives
high yields of pure products with epoxides.??

The use of an a-phenylthio boronic ester 5 as a source
of RCHLiSPh by deboronation has been reported else-
where.“® The temperature required was high enough to
require immediate trapping of the anion, which was effi-
ciently accomplished with methyl iodide, but further in-
vestigation did not seem warranted.

Other possible applications of a-(phenylthio)alkane-
boronic ester chemistry remain to be explored. The in-
ertness of the dialkylated series 6 discouraged us from
trying to develop a ketone synthesis based on these com-
pounds. However, new opportunities to make 6 may arise
as a consequence of other recent synthetic develop-
ments,?>?® and possibilities remain for oxidative or re-
ductive cleavage of either the boron or the sulfur. Con-
jugate addition of 3 to a,8-unsaturated ketones and esters
and conversion of 5 to a-phenylthio aldehydes have been
accomplished recently and will be reported elsewhere.*

It may be concluded that a-phenylthio boronic esters
are easily prepared and handled, that they are capable of
undergoing some unique transformations, and that they
are highly promising reagents for organic synthesis.

Experimental Section

General. Reactions were run under argon or nitrogen. Tet-
rahydrofuran (THF) and diethyl ether (ether) were distilled from
sodium benzophenone ketyl. Other anhydrous solvents and
reagents were distilled from calcium hydride. Butyllithium was
2 M in hexane, checked by titration with isopropyl alcohol with
1,10-phenanthroline as indicator.#* Proton NMR spectra were
recorded at 60 MHz with a Varian EM-360 instrument and are
referred to internal tetramethylsilane.** Infrared spectra were
recorded with a Beckman IR-5 or IR-18A. Glassware was dried
at 130 °C for 1 h and flushed with argon during assembly. Ex-
tensive use was made of “Airless Ware” Schlenk type glassware
from Kontes Glass Corp. Syringes and needles were used to
transfer liquids. Elemental analyses were by Galbraith Labora-
tories, Knoxville, TN.

(39) Trost, B. M.; Tanigawa, Y. J. Am. Chem. Soc. 1979, 101,
4413-44186.

(40) Vlattas, 1.; Lee, A. O. Tetrahedron Lett. 1974, 4451-4454.

(41) Mukaiyama, T.; Fukuyama, S.; Kumamoto, T. Tetrahedron Lett.
1969, 3787-3790.

(42) Bestmann, H. J.; Angerer, J. Tetrahedron Lett. 1969, 3665—-3666.

(43) Ray, R.; Matteson, D. S., manuscript in preparation.

(44) Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967, 9,
165-168.

(45) Recent recalibration of this instrument has indicated that all &
values were 2.7% too large (5 0.2 at 5 7.5) at the time these measurements
were made. A few spectra taken on a JEOL MH-100 also have yielded
slightly smaller § values than those tabulated.



286 Organometallics, Vol. 1, No. 2, 1982

Matteson and Arne

Table VI. Physical Properties of Pinacol 1-(Phenylthio)alkane-1-boronates 4 and 5 from Alkylation of Pinacol
(Phenylthio)methaneboronate (2b)
NMR (CDCl,),% s C H B S
compd  bp, °C (torr) SCHB R CCH, C/H,S caled found caled found caled found calcd found
4 125-127 (0.7) 2.99q 1.36d 1.20 7.50 63.65 63.41 8.01 8.09 4.09 3.95 12,14 12.05
5a 115-120(0.1) 2.80t 0.9m,1.56m 1.21 7.42 66.67 66.74 8.89 897 3.53 3.45 10.47 10.42
5b 140-145(0.05) 3.10s 3.10s, 7.35 1.14 7.35 70.59 70.72 7.41 17.42 3.18 3.08 942 9,57
5¢ 160-165(0.3) 2.82t 0.91 s (¢-Bu), 1.23 7.47 70.20 70.44 9.91 10.01 2.87 285 852 8.49
0.6-1.9m
5d 146-150 (0.1) 3.06t 2.26m,4.16t, 1.21 6.8-7.7 68.11 68.24 7.35 7.25 2,92 2,85 866 8.77
6.8-7.7m
5e 115-117(0.2) 2.63d 1.1 obscured 1.17 7.3 not purified

¢ Correct integrals were obtained (except for 5e).

(Phenylthio)methaneboronic Acid (1). (Phenylthio)-
methyllithium was prepared by a modification of the published
procedure!® from thioanisole (1 mol) and 1,2-bis(dimethyl-
amino)ethane (TMEDA) (1 mol) in THF (700 mL) treated with
butyllithium (1 mol) at or below 20 °C and kept 1 h at 20 °C. The
solution was cooled with a -78 °C bath and stirred during the
dropwise addition of trimethyl borate (1.3 mol) over a period of
1 h. Stirring was continued overnight as the mixture warmed to
20 °C. The mixture was partially concentrated under vacuum,
and the residue was treated with 130 mL of 85% phosphoric acid
and 100 g of ice and the mixture then extracted with ether (3 X
300 mL). The organic phase was washed with water and con-
centrated under vacuum. The residue was recrystallized from
moist ether /petroleum ether to yield 77-94% of 1 in two crops,
mp 109-110 °C. Excessive drying of 1 should be avoided.®® NMR
(CD4SOCD;): 6 2.25 (s, 2, SCHyB), 3.5 (s, 15 Hz wide at half
height, 2, OH), 7.34 (m, 5, C¢H;). Anal. Caled for C;HoBO,S:
C, 50.04; H, 5.40; B, 6.43; S, 19.08. Found: C, 49.95; H, 5.52; B,
6.40; S, 18.99,

Ethylene Glycol (Phenylthio)methaneboronate (2a).
Equimolar amounts of ethylene glycol and 1 were heated in
benzene to distil the benzene—~water azeotrope, the solution was
concentrated, and the residue was crystallized from ether/pe-
troleum ether, yielding 85% of 2, mp 65-66.5 °C. NMR (CDCl,):
5 2.51 (s, 2, SCH,B), 4.25 (s, 4, OCH,), 7.26 (m, 5, CgH;). Anal.
Caled for CoH;,BO,S: C, 55.70; H, 5.71; B, 5.57; S, 16.52. Found:
C, 55.70; H, 5.91; B, 5.70; S, 16.70.

Pinacol (Phenylthio)methaneboronate (2b). Pinacol or
pinacol hydrate (1 mol) and 1 (1 mol) were stirred in ether (1 L)
until the solids dissolved and two liquid phases remained. The
phases were separated, the ether phase was washed with a little
water and dried over magnesium sulfate, and 2b was distilled:
bp 105-108 °C (0.1 torr); 89-97%. 2b may be kept indefinitely
as a liquid, but cooling a pure sample to =78 °C and scratching
induced crystallization; mp 33-36 °C. NMR (CDCly): § 1.17 (s,
12, CCH,), 2.38 (s, 2, SCH,B), 7.30 (m, 5, C¢H;). Anal. Caled
for C,3H;4B0,S: C, 62.42; H, 7.66; B, 4.32; S, 12.82. Found: C,
62.65; H, 7.82; B, 4.14; S, 12.62.

2,2-Dimethyl-1,3-propanediol (Phenylthio)methane-
boronate (2¢). The azeotrope was distilled from an equimolar
mixture of 2,2-dimethyl-1,3-propanediol and 1 in toluene, and 2¢
was distilled: bp 108-112 °C (0.3 torr); 87%. NMR (CDCly): §
0.90 (s, 6, CCHy), 2.36 (s, 2, SCH,B), 3.64 (s, 4, OCH,), 7.13-7.65
(m, 5, C¢H;). Anal. Caled for CuH,;sBO,S: C, 61.04; H, 7.26; B,
4.58; S, 13.58. Found: C, 60.88; H, 7.36; B, 4.62; S, 13.34.

Dimethyl (Phenylthio)methaneboronate (2d). A 10% so-
lution of 1 in 2,2-dimethoxypropane was distilled slowly to remove
the esterification byproducts, acetone, and methanol, and 2d was
distilled: bp 8588 °C (0.5 torr); 88%. NMR (CDCly): 6 2.37
(s, 2, SCH,B), 3.62 (s, 6, OCHj), 7.15-7.8 (m, 5, CgHg). Anal. Caled
for CoH,3BO,S: C, 55.13; H, 6.68; B, 5.51; S, 16.35. Found: C,
55.30; H, 6.77; B, 5.51; S, 16.45.

Pinacol Lithio(phenylthio)methaneboronate (3). Butyl-
lithium (15 mmol) in hexane was added dropwise to diiso-
propylamine (15.7 mmol) in THF (5 mL) stirred at 0 °C in a

(46) Boronic acids may become air sensitive if dried to the point of
boronic anhydride formation but are stable on storage if moist. Com-
mercial samples of butaneboronic acid and others usually contain some
water as a preservative.

The pinacol CCH, appeared as a singlet and the C,H,S as a multiplet,.

100-mL Schlenk flask. A solution of pinacol (phenylthio)-
methaneboronate (2b) (15 mmol) in THF (5 mlL) was added
rapidly dropwise, yielding a white precipitate. Ether (10 mL) and
light petroleum ether (10 mL) were added to complete precipi-
tation. After 1 h of stirring at 0 °C, the mixture was cooled with
a -78 °C bath and filtered. The collected 3 was washed with
chilled (0 °C) ether and dried under vacuum (0.1 torr) 4 h at 25
°C, yield 80-85% as the complex with 1 mol of THF. Rigorous
exclusion of air was maintained in all operations with 3. NMR
(pyridine-dg): 6 1.20 (s, 12, CCHg), 1.7 (m, 4, OCH,CH,), 2.18 (s,
1, SCHB), 3.8 (m, 4, OCH,CHj,), 7.55 (m, 5, C¢H;). Anal. Caled
for C;7HgBLiO,S: C, 62.21; H, 7.98; B, 3.29; Li, 2.11; S, 9.77.
Found: C, 62.34; H, 7.89; B, 3.26; Li, 2.09; S, 9.62.

Alkylation of Pinacol (Phenylthio)methaneboronate (2b).
Method A. A solution of 5 mmol of diisopropylamine and 12
mmol of TMEDA in 50 mL of THF was treated with 5 mmol of
butyllithium at 0 °C followed by 5 mmol of 2b. After 1 h at 0
°C the mixture was treated with 5 mmol of the selected alkyl
halide and stirred at 20 °C 6-16 h. The mixture was treated with
excess cold 10% phosphoric acid, and the product (4 or 5) was
extracted with ether and distilled. Yields are listed in Table II.
Physical properties are summarized in Table VI. Method B.
Pinacol lithio(phenylthio)methaneboronate (3) was isolated as
described in the preceding paragraph and transferred under argon
to a reaction vessel with the aid of THF (2-5 mL/mmol of 3).
The slurry was stirred at 0 °C, 1 equiv of alkyl halide was added,
and stirring was continued 2-12 h at 20-25 °C. Excess cold 10%
phosphoric acid was added, and the product (4 or 5) was extracted
with ether and distilled. Yields are summarized in Table II and
physical properties in Table VI.

Deprotonation of Pinacol 1-(Phenylthio)alkane-1-boro-
nates 4, 5, and 2b. Butyllithium (5 mmol) was added to diiso-
propylamine (5 mmol) in THF (20-25 mL) with stirring at 0 °C.
The selected pinacol 1-(phenylthio)alkane-1-boronate (4, 5, or 2b)
(5 mmol) was injected from a syringe, either through a wide-bore
needle or with the aid of a few milliliters of THF to reduce the
viscosity. The mixture was stirred at least 2 h at 0 °C before use.
Longer times up to 20 h gave the same results. Shorter times were
not tried, except that 2b yields 3 rapidly.

Alkylation of Deprotonated 4 and 5 to Pinacol a-(Phe-
nylthio)alkaneboronates (6). Deprotonation of 4 or 5 was
carried out as described in the preceding paragraph. The selected
alkyl halide (6 mmol) was added and the mixture was kept 2-4
h at room temperature. Aqueous 10% phosphoric acid was then
added and the product (6) was extracted with ether and distilled.
Yields and boiling points are recorded in Table III and proton
NMR and analytical data in Table VII.

Acylation-Deboronation of Deprotonated 2b, 4, and 5 to
a-Phenylthio Ketones 9, 10, and 11. Deprotonation of 2b, 4,
or 5 was carried out in the usual manner (1-mmol scale) and 0.8
equiv of the selected methyl ester, anhydride, or lactone was
injected at 0 °C. After 6-16 h at room temperature, the mixture
was concentrated under vacuum. The residue was dissolved in
pentane and washed with 3 M sodium hydroxide (30 mL for
1-mmol scale), 10% phosphoric acid (30 mL), and water (30 mL).
The product (9, 11) was purified by chromatography on a silica
gel plate with pentane/ether (20:1 or 10:1) as solvent. Yields are
listed in Table IV, where some exceptions to the general procedure
are also noted. The acid 10 was isolated by extraction from ether
into aqueous sodium bicarbonate, which on acidification pre-
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Table VII. Proton NMR and Analytical Data for Pinacol a-(Phenylthio)alkaneboronates (6) Derived from
Pinacol (Phenylthio)methaneboronate (2b) by Two Alkylations

NMR (CDCl,),% s c H B S

compd R R’ CCH, CH,S caled found caled found caled found caled found

6a CH, 1.2s% 1.23,%1.5,3.87s 1.18 7.2-7.8 64.28 64.04 8.48 830 276 278 8.17 8.29

6b Bu0.9,1.5m CH, 1.24s 1.19 7.83-7.7 67.50 67.46 9.13 9.10 3.38 3.47 10.01 10.26

6¢ Bu0.9,1.56m Bu0.9,1.5m 1.20 7.3-7.7 69.60 69.81 9.74 9.67 298 277 885 8.91

6d Bu0.9,1.5m 2934, 3.114, 1.16 7.3-7.7 73.85 73.74 6.97 7.17 277 254 8.21 17.96
7.4°¢

Ge CH, 1.17s 2.86 d, 3.31 4, 1.21,1.283 7.3-7.9 71.19 71.38 17.68 7.78 3.05 3.35 9.05 8.85
7.4°¢

¢ Correct integrals were obtamed Pinacol CCH, was a singlet, except that 6e showed two closely spaced singlets. PhS
appeared as a multiplet. ? R’ is CH,C(0,C,H )(CH2)3 One CH, appears at  1.23 on the side of the pinacol CCH,; the
other is obscured. € R’ is benzyl. The CH appears as an AB pattern, J = 14 Hz and the C,H, as a single peak in the midst
of the PhS multiplet.

Table VIII. Proton NMR and Analytical Data for a-Phenylthio Ketones, RCH(SPh)COR', 9, 10, and 11
NMR (CDCl,),% s

COCH c H S
compd R CHSPh? of R’ other R’ caled found caled found caled found
9a H3.72s 3.72s 2.58t CH, 1.65m,CH, 0.87t 68.00 68.26 7.26 7.02 16.50 16.31
9b H3.79s 3.79s 2.7Tm (C 2)s 1.2-1.9m 71,75 7161 17.74 7.69 13.68 13.38
9d CH, 1.414d 3.85q 2.63t CH, 1.6 m, CH, 0.90 ¢ 69.19 69.40 7.74 7.77 1539 15.10
9e CH, 1.48d 4,61 q none Ph 7.2-7.7, 8.0-8.2 m 74.34 74.14 5.82 598 13.23 13.07
9f CH, 1.42d 3.80m 276m 1.99m, 3.955s,1.325¢ 64.26 64.51 7.19 7.36 11.44 11.23
9gd CH, 7.15s? 3.82t 230m CH,146m,CH, 080t 76.01 7643 7.09 6.92 1127 11,14
CH, 3.03 m
10 H379s 3.79 s 2.85m 2.85m,CO,H 7 8s 58.91 59.15 5.39 5.50 14.30 14.33
11 Bu0.851.5m 3.65m 267m 1.85m,3. 65m¢ 67.63 68.04 832 834 12,04 1222

a Satisfactory integrals were obtained. Y The SC,H, absorption was a single peak near § 7.4 in all cases, except for 9g, the
spectrum of which was redetermined after the mstrument was recalibrated, 5§ 7.25. ¢ Peaks for CH,, C(O,C,H,), CH,, res-
pectively. 2IR: (C=0, 1700 em™!. ¢ Peaks for CH,, CH,0, respectively, OH obscured.

Table IX. Proton NMR and Analytical Data for Enethiol Ethers, PASCR=CR'R'’, 12 and 14

NMR (CDCL,),% s C H S
compd R R’ R" caled found caled found caled found
12¢ H 6.36, 6.57° Ph 7.4 CH,2.6m,CH, 1.4m, 80.26 80.07 7.13 7.20 12,60 1273
CH, 0.88 m
124¢ Bu0.9,1.3m H 5.83 m° (CH,); 1.3 m, 2.2 m, 78.20 78.30 10.21 10.14 11.60 11.56
2.2m CH,09m
12e4 Bu0.85,14m HS5.78 5.91s (CH;) 1.3-1.7, CH 78.77 178.66 9.65 9,71 11.68 11.53
2.7m
12f C.H, 7.33 s CH, 1.78, 2.58 m 81.38 81.47 7.19 7.31 11.43 11.23
CH, 3.635s
14 CH. 2.02's CH, 2.05s (CH,), 2.61s 66.07 66.08 6.82 6.83 13.57 13.57
Co,H'12.0's

@ Satisfactory integrals were obtained. The PhS peak appeared as a singlet at § 7.35-7.45. ® The two C=CH peaks of ap-
proximately equal size imply two geometric isomers. ¢ Spectrum taken after recalibration of NMR instrument, PhS at §
7.17. The C=CH absorption appears as two overlapping triplets 2 Hz apart, perhaps resulting from two geometric isomers
in nearly equal amounts.

cipitated some 10, the remainder being recovered by extraction were obtained for 12a!% and 12b.1°
with ether. Proton NMR and analytical data for the new com- 2-Hydroxy-3-(phenylthio)-1,2-oxaborolane (16a). Depro-
pounds are listed in Table VIII. tonation of 2b (50 mmol) was carried out in the usual manner.
Enethiol Ethers 12 and 14 from Deprotonated Boronic The mixture was cooled to —78 °C, and ethylene oxide (57 mmol)
Esters 2b, 4, and 5 and Aldehydes or Ketones. The depro- was introduced by distillation through a double-ended needle.
tonation of 2b, 4, or 5 was carried out in the usual manner (5-mmol The mixture was allowed to warm slowly to 20 °C, stirred 16 h,
scale). The mixture was cooled to —78 °C before the aldehyde concentrated, and treated with ether and 10% phosphoric acid.
or ketone (4-5 mmol) was injected, then allowed to warm slowly Analysis of the ether extract by NMR indicated a mixture of
to 20 °C, and stirred 12-16 h. Pentane (50 mL) was added, and pinacol 3-hydroxy-1-(phenylthio)propane-1-boronate (15a) and
the mixture was extracted successively with 3 M sodium hydroxide its hydrolysis product (16a), which was refluxed overnight with
(50 mL), 10% phosphoric acid (50 mL), and water. The organic boric acid (6 g) and sodium borate (6 g) in water (50 mL) in an
phase was concentrated, and the product 12 was distilled or attempt to complete the hydrolysis. Crystallization from eth-
recrystallized. The acidic product 14 was found on acidification er/petroleum ether, with repetition of the hydrolysis on the mother
of the sodium hydroxide extract, and was purified by way of liquor to produce a second crop, yielded 39% of 16a, mp 104-106
extraction into sodium bicarbonate. Recrystallization from eth- °C. NMR (CDCly): ¢ 1.98 (m, CCH,C), 2.35 (m, SCHB), 4.01
er/petroleum ether yielded 26% of 14 and 35% of a second crop (m, CH,0), 5.3 (br, OH), 7.29 (m, CsHs). Anal. Caled for
containing 14 and its geometric isomer according to NMR analysis. CgH;;BO,S: C, 55.70; H, 5.71; B, 5.57; S, 16.52. Found: C, 55.68;
Yields and boiling or melting points are summarized in Table V H, 5.64; B, 5.39; S, 16.73.
and proton NMR and analytical data for the new compounds in 3-Butyl-2-methoxy-3-(phenylthio)-1,2-oxaborolane (Methyl

Table IX. NMR spectra in agreement with the published data Ester of 16b). The procedure used to make 16a was followed
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with 5a in place of 2b, up to the point where a mixture of 15b
and 16b was first obtained. Attempted separation of the pinacol
by steam distillation resulted in distillation of all of the product.
Chromatography on silica yielded a fraction which appeared to
be largely 16b by NMR analysis. This was converted to the methyl
ester of 16b by treatment with 2,2-dimethoxypropane and dis-
tillation: bp 115 °C (0.4 torr); 16%. NMR (CDCl;): § 0.91 (m,
3, CHy), 1.1-2.2 (m, 8, CCH,(), 3.57 (s, 3, OCHy), 4.2 (m, 2, CH,0),
7.3-1.8 (m, 5, CGH5). Anal. Calced for C14H21B02S: C, 63.65; H,
8.01; B, 4.09; S, 12.14. Found: C, 63.73; H, 8.09; B, 3.97; S, 12.18.

Pinacol (trans-2-Hydroxycyclohexyl)(phenylthio)-
methaneboronate (17). The lithium salt 3 (12 mmol) in THF
(20 mL) was treated with cyclohexene oxide (12 mmol) at 0 °C
and stirred 20 h at 25 °C. The solution was concentrated, water
(75 mL) was added, and the product 17 was extracted into ether,
washed with water, and isolated by concentration under vacuum
as a viscous oil (diastereoisomers probable), 91 %, analytically pure.
NMR (CDCLy): ¢ 1.22 (s, 12, CCHy), 0.9-2.4 (m, 9, (CH,),CH),
2.83 (d, 1, SCHB), 3.33 (s, 1, OH), 3.65 (br, 1, CHOH), 7.43 (s,
5, CgHy). NMR (CD,0OD): 5 1.20, 1.25 (s, 5, 12, CCHjy), 0.9-2.4
(m, 9, (CH,),CH), 2.83 (d, 1, SCHB), 3.46 (br, 1, CHOD), 5.3 (s,
CD;0H), 7-7.4 (m, 5, CgH;). Anal. Caled for C;gH,gBO;S: C,
65.52; H, 8.39; B, 3.10; S, 9.21. Found: C, 65.66; H, 8.15; B, 3.17;
S, 9.48. Further evidence in support of structure 17 was obtained
by N-chlorosuccinimide oxidation in methanol'® to the dimethyl
ketal, which was converted to trans-2-hydroxycyclohexane-
carboxaldehyde 2,4-dinitrophenylhydrazone, which was charac-
terized only by 100-MHz proton NMR (CD3zSOCD; + CD;0D):
8 1.3 (m, 6, (CH,)y), 1.8 (m, 3, CHCOH), 3.43 (unresolved m, 25-30
Hz wide at a half-height, 1, CHOD), 3.9 (CD,0H), 7.92, 8.36, 8.91
(m, 1 each, CgH3(NOQ,),), 8.02 (d, J = 5 Hz, 1, N=CHCH). The
broad CHOH absorption of 17 and the derived 2,4-DNP is
characteristic of trans-2-substituted cyclohexanols.*’

Pinacol Bromo(phenylthio)methaneboronate (18). The
lithiated boronic ester 3 was isolated (12 mmol), and a suspension
in ether (60 mL) was stirred at —78 °C during the dropwise ad-
dition of just enough bromine (10.3 mmol) to produce a persistent
yellow color. The mixture was warmed to 20 °C and concentrated
under vacuum. The residue was taken up in 25 mL of petroleum
ether, and the precipitated lithium bromide was filtered. Con-
centration under vacuum yielded a residue of 18. A small sample
was purified by molecular distillation at 140-170 °C (0.1-0.5 torr).
NMR (CDCly): 6 1.25 (s, 12, CCHy), 5.03 (s, 1, SCHBrB), 7.47
(m, 5, CgHy). Anal. Caled for C;3H;sBBrO,S: C, 47.45; H, 5.51;
B, 3.29; Br, 24.28; S, 9.74. Found: C, 47.61; H, 5.49; B, 3.41; Br,
24.03; S, 9.60.

Pinacol Phenyl(phenylthio)methaneboronate (20). The
bromination of 3 was carried out as described in the preceding
paragraph, and with the mixture still at —78 °C, an equivalent
amount of phenylmagnesium bromide was added. After 16 h at
20 °C, the mixture was concentrated and worked up with 10%
phosphoric acid and ether. Distillation yielded pinacol phenyl-
boronate (21a), bp 90-110 °C (0.25 torr), 33% identified by NMR,
and pinacol phenyl(phenylthio)methaneboronate (20), bp 145-150
°C (0.2 torr), 57%. NMR (CDCl,): § 1.26 (s, 12, CCHj), 4.06 (s,
1, PhCH(SPh)B), 7.36 (m, 10, C¢H;). Anal. C,;H,BO,S: C, 69.95:
H, 7.11; B, 3.31% S, 9.83. Found: C, 69.45; H, 7.13; B, 3.09; S,
11.71.

Pinacol 1-Iodo-2-phenylethane-1-boronate (22). A solution
of 3.40 g (10 mmol) of 5b, 2 g of sodium iodide, and 7 mL of methyl
iodide in 25 mL of dimethyl formamide was kept in the dark at

(47) Bhacea, N. S.; Williams, D. H. “Application of NMR Spectros-
copy in Organic Chemistry”; Holden-Day: San Francisco, 1964; pp 77-80.

Matteson and Arne

20~25 °C for 66 h. Ether (100 mL) and pentane (100 mL) were
added, and the mixture was washed with water (3 X 100 mL).
Distillation yielded 84% of 22, not analytically pure even after
redistribution, bp 98-99 °C (0.05 torr). 100-MHz NMR (CDCl,):
6 1.20 (s, 12, CCHy), 3.24 (m, 3, CH,CH), 7.24 (s, 5, C¢H;). Anal.
Calced for C,HyBIO,: C, 46.97; H, 5.63; B, 3.02; I, 35.45. Found:
C,49.83; H, 5.76; B, 2.78; I, 33.22. Although the presence of pinacol
2-phenylethene-1-boronate (23) was not evident in the NMR
spectrum, when the reaction of §b with methyl iodide was carried
out with heating according to the model procedure,!! the major
product was 23 as indicated by the characteristic vinylic proton
doublet near § 5.6.27

1,2-Diphenylethanol. Treatment of 22 in THF at 78 °C with
1 equiv of phenylmagnesium bromide was followed by standing
at 20 °C overnight, workup with acid and ether, and oxidation
with alkaline sodium perborate 2 days at 20 °C, which yielded
the theoretical amount of 1,2-diphenylethanol. The NMR
spectrum was identical with that of an authentic sample prepared
from benzaldehyde and phenylmagnesium bromide, except that
the crude sample contained about 3% pinacol. Recrystallization
from ethanol/water yielded 52%.

Diethanolamine 2-Phenyl-1-(phenylthio)ethane-1-boro-
nate (7). A solution of 2.5 mmol of the pinacol ester 5b in 10
mL of ether was mixed with a solution of 2.7 mmol of di-
ethanolamine in 5 mL of 2-propanol at 20 °C. After 1-3 days the
crystalline 7 was collected: 82-83%: mp 190-192 °C. Anal. Caled
for C,sHBNO,S: C, 66.07; H, 6.78; B, 3.30; N, 4.28; S, 9.80.
Found: C, 65.92; H, 6.84; B, 3.46; N, 4.28; S, 9.44.

Deprotonation of (Phenylthio)methaneboronic Acid (1).
Butyllithium (15 mmol) was added to a solution of 1 (5 mmol)
in THF (30 mL) at ~78 °C. The mixture was allowed to warm
to 20 °C, then cooled to -78 °C and treated with methyl iodide
(15 mmol), warmed to 20 °C for 2 h, treated with 10% phosphoric
acid, extracted with ether, and concentrated. NMR analysis of
the residue indicated that the ratic of SCH(CHj3)B to SCH,B
groups was about 9:1 and that there was a large proportion of
material which contained one or two B-butyl groups.
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Reactions of (Silylamino)phosphines with Ketones and
Aldehydes'?
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(Silylamino)phosphines including (Me3Si);NPMe, (1), Me,SiCH,CH,SiMe,NPMe, (2), and Me;SiN-
(R)PMe, (3, R = t-Bu; 4, R = Me) react smoothly with carbonyl compounds in dichloromethane via
nucleophilic attack by phosphorus and [1,4]-silyl migration from nitrogen to oxygen. Thus, treatment of
phosphine 1 with saturated ketones and aldehydes affords high yields of the new N-silylphosphinimines
Me;SiN=PMe,—CRR'—O0SiMe; (5a-h). Similarly, 2 reacts with acetone to form the 8-membered ring

product Me,SiCH,CH,SiMe;N=PMe,CMe,—O (6). With a,8-unsaturated carbonyl compounds, 1,4 ad-
dition occurs to yield the acyclic (from 1) or 10-membered cyclic (from 2) silyl enol ethers Me;SiN=
PMe,CHRCH=CR'OSiMe; {7, R = R’ = H; 8§, R = R" = Me; 9, R, R" = (-CHy-);] and
Me,SiCH,CH,SiMe,N=PMe,CH,CH=CMeO (10). The (N-alkyl-N-silylamino)phosphines 8 and 4 also
react with carbonyl compounds, but, except for :-BuN=PMe,C(CF3),0S8iMe; (11), the products are
phosphine oxides O=PMe,—CRR’—O0SiMe; (13, R = H, R’ = Me; 14, R = R’ = Me; 15, R = H, R’ = Ph),
Phosphine 3 reacts with methyl vinyl ketone to afford the unstable phosphinimine t-BuN=
PMe,CH,CH=CMeOSiMe; (16). Proton, 13C, and *'P NMR spectroscopic data for this new series of
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compounds are reported.

Introduction

Recent studies of (silylamino)phosphines such as
(Me;Si);NPMe, have shown them to be easily prepared
reagents which exhibit a rich and interesting derivative
chemistry. Specifically there are three potential modes
of reactivity in such systems: (a) nucleophilic attack by
phosphorus; (b) nucleophilic attack by nitrogen; (c) elec-
trophilic attack by silicon.

(-:N’ .
=N

:N = nucleophile; E = electrophile

We have previously observed that a combination of
pathways a and c is operative in the attempted synthesis
of oxide (eq 1)° or ylide (eq 2)* derivatives. In both cases,
the isolated products are the isomeric N-silylphosphin-
imines resulting from [1,3]-silyl migrations. Similarly, the
bromination of (silylamino)phosphines (eq 3)° involves

Me
02
Me3SIN=—P — 0SiMe3 (1)
Me
Me
' (1) Mel ) ‘
{MezSi)2NPMe> —m Me 3SIN==P —CH2SiMe3 (2)
Me
Me
Brg
Me3SiN=—=P —Br (3)
Me

(1) Presented in part at the International Conference on Phosphorus
Chemistry, Durham, NC, June 1981; Abstr. 176.

(2) Taken in part from the Ph.D. Dissertation of D. W. Morton, Texas
Christian University, Fort Worth, TX, 1981.

(8) Neilson, R. H.; Wisian-Neilson, P.; Wilburn, J. C. Inorg. Chem.
1980, 19, 413.

(4) Wilburn, J. C.; Neilson, R. H. Inorg. Chem. 1979, 18, 347.

reaction at both phosphorus and silicon to afford the P-
bromophosphinimines which are important intermediates
in the synthesis of alkyl-substituted phosphazene poly-
mers.%7

The findings have led us into a more extensive inves-
tigation of the reactivity of (silylamino)phosphines espe-
cially toward electrophilic organic substrates. A prelimi-
nary study® has shown that treatment of (Me,Si);NPMe,
with either acetone or hexafluoroacetone gives high yields
of novel phosphinimines (eq 4). These observations were

Me R

(Me3Si)aNPMe, + RpCO — Me3SiN=P— C—0SiMe3s (4)

Me R
R = Me, CF,

contrasted with the general lack of reactivity of phosphines
with ketones® and with the oxidative reaction of (CF;),CO
with (Me;Si),NPF, to give the cyclic phosphoranel®

{Me 3S1)2NPOC(CF 3),C(CF3),0
/\
FF

We report here some results of a more detailed study
in which a representative series of (silylamino)phosphines
were treated with a variety of aldehydes and ketones in-
cluding o,8-unsaturated systems. The reactions of (sily-
lamino)phosphines with other types of organic compounds
will be reported in subsequent papers.

(5) Wisian-Neilson, P.; Neilson, R. H. Inorg. Chem. 1980, 19, 1875.

(6) Wisian-Neilson, P.; Neilson, R. H. J. Am. Chem. Soc. 1980, 102,
2848.

(7) Neilson, R. H.; Wisian-Neilson, P. J. Macromol. Sci., Chem. 1981,
Al6, 425,

(8) Neilson, R. H.; Goebel, D. W. J. Chem. Soc., Chem. Commun. 1979,
769.

(9) Emsley, J.; Hall, D. “The Chemistry of Phosphorus”; Halsted
Press: New York, 1976; Chapter 4.

(10) Gibson, J. A.; Réschenthaler, G.-V.; Schmutzler, R. J. Chem. Soc.,
Dalton Trans. 1975, 918.

0276-7333/82/2301-0289%$01.25/0 © 1982 American Chemical Society
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Table I. Preparative and Analytical Data for New N-Silylphosphinimines

Morton and Neilson

preparative analytical®

compd rx time % yield bp, °C (mm) % C % H
5a <1 min 89 39-40(0.2) 33.97 (34.10) 6.40 (6.24)
5b 42h 88 51-53 (1.2) 47.18 (47.27) 11.05(10.82)
5c 1.5h 91 50 (0.3) 45,25 (45.24) 10.60 (10.63)
5d 6h 69 80-82 (0.01) 54,94 (55.00) 9.47 (9.23)
el 2h 72 62 (0.07) (mp 48-51)
5f 4.3h 66 57 (0.01) 42,35 (42.08) 9.41 (92.31)
5g° 1lh
5101 48 h 67 56-57 (0.01) 52.90(52.62) 10.96 (10.72)
6 2h
7 <1 min 61 57-58 (0.01) 47.72 (47.61) 10.37 (10.17)
8 <1 min 91 45 (0.01) 49,28 (49.44) 10.47 (10.37)
9 36h 69 79 (0.02) 52.82 (52.95) 10.14 (10.16)
10¢ <1 min
11 <1 min 81 43-45(0.3) 38.86 (38.81) 6.49 (6.51)
13 4h 69 54-56 (0.02) (mp 43-44) 43.01 (43.27) 9.66 (9.86)
14 65h 76 46-47 (0.01) 46.37 (46.13) 10.40 (10.16)
15 1h 66 99-101 (0.02) (mp 73-74) 56.47 (56.22) 8.30 (8.26)
16°¢ <1 min 42 60 (0.02)

@ Calculated values in parentheses, ? Insufficient purity for elemental analysis. ¢ Elemental analysis prevented by

thermal instability.

Results and Discussion

The reactions of carbonyl compounds with [bis(tri-
methylsilyl)amino]dimethylphosphine (1), its cyclic ana-
logue 2, and the (N-alkyl-N-silylamino)phosphines 3 and
4 were studied in this work.

yee Ma3S.
MezSi Si g3
\N——PMeg [ >N——PM82 >N—PMe2
MeaSi Si R
Mez
3,R=tBu
1 2 4, R =Me

(Disilylamino)phosphines. When 1 equiv of the al-
dehyde or ketone was added to a dichloromethane solution
of the phosphine 1 at 0 °C (or room temperature in some
cases), a spontaneous, sometimes very exothermic, reaction
ensued (eq 5). Solvent removal and fractional distillation

- R
0 el O\C/
“ ‘ ME351\/\\ + \R' .
(Me3Si)NPMep + R—C—R — N—P—Me
MesS
1 Me

Me R
Me3SiN==P—C—0SiMes (5)

Me R’

5a, R=CF, R =CF,
b, R=R'=Me
¢c,R=Me, R =H
d,R=Ph,R'=H
e, R =Me, R’ = C(O)Me
f, R=Me, R'= CH,Cl
g, R=R' = CH,CI
h, R=R'=-CH,(CH,),CH,-

generally afforded high yields of the novel N-silyl-
phosphinimines 5 which apparently result from nucleo-
philic attack by phosphorus on the carbonyl carbon fol-
lowed by a [1,4]-silyl migration from nitrogen to oxygen.

The reaction conditions, yields, and physical properties
of these phosphinimines are summarized in Table I.
Structural characterization of the products was readily
accomplished by 'H, C, and *'P NMR spectroscopy, and
these data are collected in Table II. The progress of the
reaction was conveniently monitored by "H NMR spec-

troscopy which clearly showed the formation of non-
equivalent Me;Si groups as well as the characteristic in-
crease of the P-C—H coupling constant for the PMe,
protons. 35

Upon treatment of the (disilylamino)phosphine 2 with
acetone, ring expansion to the 8-membered cyclic phos-
phinimine 6 occurred (eq 6). Compound 6 is a white, waxy

Me Me2
2 Si
S|\ —~—0
_— = Me
[s/N PMez + Me2CO 4 cI:/
i ~
Mez M(-:‘28|\N=P/——MeMe (6)
2
Me
6

solid which, on heating above ca. 65 °C, decomposed
cleanly to the starting phosphine 2 and acetone. Due to
this thermal instability, it was not possible to obtain an
analytically pure sample of 6. Nevertheless, its formation
as virtually the only reaction product is clearly shown by
1H, 13C, and % P NMR spectroscopy (Table II).

The reasons for the reversibility of eq 6 are not clear
although it is possible that the 8-membered ring may adopt
a conformation which places the siloxy silicon atom in close
proximity to the nitrogen, thus facilitating Si~N bond
formation. In this context, it is interesting to note that
the more rigid 7-membered cyclic phosphinimine* (eq 7)
is a stable compound which shows no tendency to revert
back to its precursor.

SiMez

Mez CHz
o Se |
| CHz A= J- S
MezS«\ _ = /N P ——Me (7)
N=—=PMez2 Si
Mez Me

In spite of its thermal instability, the exclusive formation
of the ring-expanded product 6 (eq 6) does have mecha-
nistic implications. In this case certainly, and perhaps in
the others (eq 5), the silyl shift from nitrogen to oxygen
must occur by an intramolecular pathway. Otherwise,
acyclic oligomers would have been produced.

The reaction times in Table I show the expected trends
in reactivity of aldehydes and ketones. For example, the
reaction with acetaldehyde is much faster than the reaction
with acetone. The fluoro- and chloro-substituted acetones
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also react substantially faster than acetone itself, un-
doubtedly due to the enhanced electrophilicity of the
haloacetones. These qualitative observations are consistent
with a mechanism in which attack by phosphorus on the
carbonyl carbon is the rate-determining step.

A few other features of this general reaction (eq 5) are
worthy of note. First, another possible mode of reactivity
for the chloroacetones might have been attack by phos-
phorus on the CH,Cl carbon to give a phosphonium salt;
however, products resulting from this pathway were not
observed. Second, in the case of biacetyl, reaction with
phosphine 1 occurred at only one of the carbonyl groups
to yield 5e even if an excess of 1 was employed.

Third, the compounds 5f and 5g derived from chloro-
acetone and 1,3-dichloroacetone, respectively, are an in-
teresting pair with regard to their spectral and physical
properties. As indicated in Table I, compound 5f is dis-
tillable and can be purified by careful fractionation to
remove any unreacted chloroacetone. The diastereotopic
protons of the chloromethyl group give rise to an ABX
pattern (X = ®P) in which the upfield half is clearly split
into quartets with a coupling constant of 0.4 Hz. This
coupling is assigned as a %J between one of the CH, protons
and those of the CHj group attached to the chiral carbon.
Compound 5g was prepared in order to observe the ABX
pattern without this long-range coupling. Indeed, spectra
of the crude product 5g were obtained with the desired
result. Attempted distillation of 5g, however, brought
about elimination of Me3SiCl and the bulk of the material
solidified into a white mass. Complete characterization
of the solid was not accomplished, but the NMR data are
consistent with the formation of oligomers of the type
[-N=PMe,—C(0SiMe,)(CH,C)CH;-],.

Similar reactions of a,8-unsaturated carbonyl com-
pounds with (silylamino)phosphines were studied to de-
termine whether the addition would proceed in a 1,2 or
1,4 manner. The carbonyl compounds investigated were
methyl vinyl ketone, acrolein, and 2-cyclohexen-1-one. In
each case, 1,4 addition was the observed result (eq 8),
leading to the formation of N-silylphosphinimines 7-9
containing silyl enol ether functional groups.

hlﬂe
H 0
N oL
(Me3Si)2NPMez  + \‘/\r — Me3SIN==P—Me (8)
1 R R
o
R”” OSiMes
7,R=R =
8.R=H, R =Me
9,R=R'=
-CH,CH,CH,-

The product of the acrolein reaction 7 is obtained as a
mixture of isomers in a ratio of approximately 80% Z and
20% E. These two configurations were distinguished in
the 'H NMR spectrum by the magnitudes of the vinylic
coupling constants: 5.75 Hz for the cis protons of 7(Z) and
11.91 Hz for the trans protons of 7(E). The product ratio
was estimated from the 3C NMR spectrum by using the
relative intensities of the corresponding vinylic and allylic
carbon signals.

MezSIN—=PMe2 MesSiN=PMe2
Me3Si0 H
H H Me3zSiC H
1(2) 7(E)
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Molecular models of the intermediate enolates (eq 9)

MezSi . Me 3 Si N
N—PMe; N—PMe2
/ — (9)
MeaSi - MeaSi
H 0
0 H H H
E VA

show that an intramolecular [1,6]-silyl migration is more
easily accomplished when the configuration is Z, thus
giving rise to the more abundant product 7(Z). The E
isomer may be formed by an intramolecular silyl migration
in the enolate with E configuration, although the transition
state for such a process has a rather strained geometry.
Alternatively, it is possible that 7(E) is formed by an in-
termolecular silyl shift, as in the case of the reaction of
1 with 2-cyclohexen-1-one (eq 10).
Me3Si

+
\N_F’Mez

o] /_/
-FOQ,
: é—o.

(Me3Si)pNPMez +
[Ol]

MezaSi
+
N—PMe>
MesSi

MezSiN =—PMe:

0SiMes (10)
9

It is interesting to note that the reaction of 1 with
acrolein (and with methyl vinyl ketone) occurs almost
instanteously, but the reaction with 2-cyanohexen-1-one
requires about 38 h for completion. This marked contrast
in reaction times (and molecular models) strongly suggests
that the formation of 9 occurs via an intermolecular silyl
migration as shown in eq 10.

Methy! vinyl ketone reacts (eq 8) as rapidly with
phosphine 1 as does acrolein. In this case, however, only
a single silyl enol ether 8 is obtained. Although the actual
configuration is uncertain, the rapidity of the reaction
suggests an intramolecular silyl shift which would favor
formation of the Z isomer.

Me3 SiN=—PMe2
Me3SiO
Mé H
8(2)

The cyclic (silylamino)phosphine 2 also reacted with
methyl vinyl ketone (eq 11), and the reaction progress was

Nie
Me
N
Mez MEZ/N R
Si > Me s
\ , — (11)
/N—PMez +
Si ° Me
Mez fﬂi—o
ez
2
10

monitored by NMR spectroscopy. If methyl vinyl ketone
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Table II. NMR Spectroscopic Data®
1 13
H NMR CNMR “p NMR
compd signal & Jpu Jun ) Jpe 8
MesSIN=PMez Me,SiN 0.07 0.4 3.51 3.1 7.76
‘ Me,SiO 0.34 1.14
P e oS Me,P 1.60 12.6 17.77 72.6
i (F,0),C 79.84°% 70.8
b
5a 3 123.10
Me3SiN==PMez Me,SiN -0.02 0.4 4.16 3.1 20.93
Me,SiO 0.17 2.40
Me T OSIMes Me,P 1.30 12.6 12.97 65.3
e Me,C 1.41 12.6 24.02 5.5
5b Me,C 73.54 96.4
Mes SN==PMez Me,SiN -0.03 0.4 3.96 3.1 17.41
_ Me,SiO 0.28 -0.08
MeT { T OSMes MeP 1.39 12.3 11.67 64.1
! MeP 1.45 12.3 15.57 66.5
5c MeC 1.49 15.0 6.8 16.41 2.4
HC 3.94 4.8 6.8 68.24 93.4
Me3SIN== PMe; Me,SiN -0.04 0.4 3.86 3.7 15.08
N Me,SiO 0.15 -0.12
o MeP 1.17 12.6 12.26 61.0
" MeP 1.45 12.6 16.08 69.6
5d HC 4.73 10.7 75.90 817.9
Ph 7.18-7.44 126.82 3.7
127.45 5.5
127.47
137.34 0.6
Me3SIN==FN'e, Me,SiN 0.03 0.4 3.84 3.1 15.62
W Me,SiO 0.21 2.14
MeP 1.27 12.6 0.6 18.90 66.5
¢ MeP 1.39 12.2 0.6 14.23 62.9
I\, PCMe 1.69 14.3 20.21
PCMe 84.54 83.6
Se PCCMe 2.35 28.34
PCCMe 207.85 3.9
MeaSIN == PMe; Me,SiN 0.00°¢ 0.4 3.96 3.1 18.73
R S Me,SiO 0.24 2.27
"1 : MeP 1.32 12.2 0.5 14.01 64.7
CheCl MeP 1.35 12.3 0.5 14.42 63.5
58 PCMe 1.59 13.3 0.4 19.35 4.3
PCMe 75.71 93.4
CHCI 3.91 4.8 11.5
0.4
CHCI1 4.06 6.4 11.5
CH,C1 51.15 16.5
Me3SIN== Pe; Me,SiN 0.03 0.4 3.96 3.1 15.44
JR S Me,SiO 0.29 2.27
¢ e Me,P 1.47 12.0 16.81 63.5
CHaCI PCCH, 3.9 9.0 11.6 46.74 11.0
PCCH, 4.10 9.4 11.6
5 PCCH, 78.17 91.6
MesSIN==PMe, Me,SiN -0.03 0.4 4.32 2.9 17.84
| osive Me,SiO 0.20 2.79
L Me,P 1.27 12,0 13.61 61.5
Hsz CH c 76.64 96.7
DT S CH, 1.60-1.83 30.93 5.9
e CH, 1.60-1.83 21.18 9.8
He C*H, 1.60-1.83 25.40
5h
yer Me,SiN ~0.09 0.4 1.97 5.5 20.50
Me,SiO 0.07 0.49
CMez SiCH, 0.61¢ 11.09
wessi_/ Me,P 1.29 12.0 13.26 65.3
N==PMez Me,C 1.34 13.4 25.30 8.5
6 Me,C 73.62 83.0
MeaSIN = FMez Me,SiN 0.03 0.4 3.61 3.7 8.16
L Me,SiO 0.20 ~1.10
Messo / Me,P 1.35 12.8 16.91 67.8
e=C PCH, 2.50 16.1 7.9 29.73 65.9
H ; 1.2
7(2) PCCH 4.47 4.8 7.9 100.59 8.6
5.7
PCCCH 6.25 4.9 5.7 139.69 11.0
1.2
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Table II (Continued)

1 13,
H NMR CNMR P NMR
compd signal ) Jpy JuH 8 Jpe 8
MeaSN="PWe; Me,SiN 0.03 0.4 3.61 3.7 5.84
; 1 Me,Si0 0.20 -1.10
N Me,P 1.35 12.8 16.91 67.8
Voo PCH, 2.29 14.9 8.1 32.91 67.8
1(E) 1.2
PCCH 4.92 5.5 11.9 101.78 7.9
8.1
PCCCH 6.20 4.8 11.9 142,09 13.4
1.2
MeaSIN = PMe Me,SiN -0.03 0.4 4.00 4.3 12.13
I Me,SiO 0.21 0.71
Messio. CHe Me,P 1.24 12.3 17.38 68.4
v N PCH, 2.30 15.6 7.5 31.54 65.31
" 8 PCCH 4.32 5.4 7.5 98.50 86
<0.4
PCCCMe 1.78 5.4 <0.4 22.32 2.9
PCCCMe 149.24 11.6
MoaSN= PWez Me,SiN 0.04¢ 0.4 3.84 3.1 12.33
\L Me,SiO 0.21 -0.12
ot N Me,P 1.28 11.4 15.15 67.1
ke u .
H2C c 2 1.2-2, . <0,
g oswes gl 1.2-2.1 21.77 10.4
9 H,C* 1.2-2.1 29.16 2.4
c* 152.67 11.6
HC* 4.90 8.7 5.6 99.43 5.5
MegSi —N=PMez Me,SiN 0.03¢ 0.4 1.67 4.9 11.17
' Me,SiO 0.26 -0.73
1 CH,SiN 0.39-0.90 11.05 4.3
_ ve CH,SiO 0.39-0.90 7.51
MezSi———0 Me,P 1.40 12.0 18.13 70.2
10(2) PCH, 2.42 12.3 7.9 31.09 62.9
PCCH 4.35 4.9 7.9 96.77 9.8
1.0
PCCCMe 1.88 5.4 1.0 22.15 3.1
PCCCMe 150.17 11.0
MeaSi—N==PMez Me,SiN 0.04°¢ 0.4 1.01 3.1 5.84
. Me,SiO 0.20 -1.95
CH,SiN 0.39-0.90 11.05 4.3
. CH,SiO 0.39-0.90 9.26
Mesi— o M Me,P 1.34 12.0 17.16 67.8
10(E) PCH, 2.42 12.3 7.9 31.09 66.5
PCCH 4.44 4.9 7.9 97.42 8.6
1.0
PCCCMe 1.83 5.7 1.0 22.15 2.4
PCCCMe 148.97 11.6
st =T Me,Si 0.34 0.90 -4.90
R OO
cFy Me,P 1.60 11.5 17.30 72.0
1 (F,0),C 79.497 67.8
F,C 123.037
o=pMez Me,8i 0.03 -1.42 47.49
N MeP 1.23 12.4 0.4 8.75 66.5
: MeP 1.28 12.8 0.4 11.66 67.1
H MeC 1.25 14.5 6.9 15.13 18
13 HC 3.83 5.5 6.9 65.22 91.6
0="FMe, Me,Si 0.04 1.01 52.16
s Me,P 1.24 12.6 9.34 65.9
A e Me.,C 1.34 13.2 22,52 5.5
Me Me,C 70.84 95.8
14
o=Fe; Me,Si 0.06 -1.18 46.02
S MeP 1.11 12.8 9.71 67.1
: MeP 1.40 12.8 12.26 67.1
H HC 4.93 10.2 72.91 86.1
15 Ph 7.10-7.43 125.22 4.3
126.64 3.1
127.00 1.8
135.63 1.6
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Table II (Continued)

'H NMR

*C NMR

“P NMR
compd signal 8 Jpy Jyu 6 Jpc 8

Me3CN= Phie Me,Si 0.16 1.428 ca. 1280
L Me,C 1.10 36.73 11.6
Mo/ Me,C 52.06 6.1
Se=c__ Me,P 1.22 12.0 18.33 64.1
mé g PCH, 2.32 14.9 7.8 32.97 62.3
16 PCCH 4.35 5.4 7.8 101.07 7.3

0.6

PCCCMe 1.74 4.5 0.6 23.13 1.8
PCCCMe 149.05 10.4

@ Chemical shifts downfield from Me,Si for ‘H and '*C spectra and from H,PO, for *P spectra; coupling constants in Hz.
Solvents: 'H, CH,Cl,; *C and P, CDCl,. ? Jcp = 289.9 Hz, Joor = 28.5 Hz. ¢ Benzene solution used for ‘H NMR.
4 for AA'BB pattern. ¢ Benzene/CDCI, solution used for '"H NMR. Jcp = 289.5 Hz, Joor = 28.1 Hz. ¢ Benzene-d,
solution used for *C and *P NMR. " Spectrum recorded on partially decomposed sample.

was slowly added to a dichloromethane solution of 2 at
either —78 or 0 °C and if the !H NMR spectrum was ob-
tained immediately, then the PMe, group appears as a
doublet at 6 1.33. As several hours pass, however, a new
doublet at & 1.27 begins to appear, eventually replacing the
one at § 1.33. A similar phenomenon occurs in the 1P
NMR spectra: an initial signal at § 11.17 being slowly
replaced by one at § 5.84. Comparison of these *'P chem-
ical shifts with those of 7 (Z, 6 8.16, and E, é 5.84) suggests
that, in the reaction of 2 with methyl vinyl ketone, initially
a product with Z configuration was formed, which slowly
converted to the E isomer. Unfortunately, it was not
possible to distill either of these compounds without
substantial decomposition to unidentified products.
Consequently their characterization is based upon NMR
spectral data (Table II).
(N-Alkyl-N-silylamino)phosphines. The tert-butyl
derivative 3 reacted spontaneously with hexafluoroacetone
as expected to form the phosphinimine 11 (eq 12), but it

MezSi

/N—'PMeg + (CF3),CO0 —
r-Bu
3

Me CFz

f-Bu—N==P—C——0SiMez (12)

Me CF3
11
was unreactive toward acetone even after several months.

Phosphine 3 does, however, react with acetaldehyde to
form phosphine oxide 13 in high yield (eq 13, 14) rather

MesSi ﬁ Me H
/N—'PMez + H=C—Me —{ 7#-BuN=—=P—C—0SiMe3z
8 |
! 3 Me Me
12
(13)
o] Me H
t Me
12 + H—C—Me — 0=P—C~—0SiMe3 + f—BuN:C\ (14)
o H
Me Me
13

than the phosphinimine 12. If only 1 equiv of acetaldehyde
was added to 3, only the phosphine oxide 13, the imine
t-BuN=CHMe, and unreacted phosphine 3 could be de-
tected by 'H NMR. It is concluded that the N-tert-bu-

tylphosphinimine 12, which was never observed by 'H
NMR, reacts faster with the aldehyde than does the
phosphine 3. Similar reactivity trends have been observed
by Pudovik and co-workers for some related Si-N-P sys-
tems, 1113

In contrast to 3, the N-methyl analogue 4 does react with
acetone to form the phosphine oxide 14. Phosphine 4 also
reacts with benzaldehyde to yield 15 (eq 15).

MesS| ﬁ "\
N—PMe, + 2R—C—R' — C==NMe +
/ /

Me R
4

Me R

0= P— C—O0SiMe3 (15)

Me R

14,R=R’=Me
15,R=H,R’' = Ph

Generally, the reactions of the N-alkyl phosphines 3 and
4 with «,8-unsaturated carbonyl compounds gave some-
what less straightforward results. Phosphine 3 reacted
with 1 equiv of methyl vinyl ketone to yield the 1,4-ad-
dition product 16 (eq 16), a compound which is stable in
Me

Me [

— r-BUN=P—Me  (16)

Mes Si

=
\N——PMez + /\”/
/
Bu

- 0
4 Me

3
H OSiMe3s

16

the reaction mixture and for a short time after distillation.
A freshly distilled sample of 16, however, decomposed on
standing for several hours to an unidentified dark brown
substance.

Phosphine 4 also reacts vigorously with methyl vinyl
ketone, but, unlike 3, the products are unidentifiable.
Presumably, the N-methyl analogue of 16 is formed ini-
tially, but this compound must be even less stable than
16. Due to these instability problems, the reactions of 3
and 4 with other a,8-unsaturated carbonyl compounds
were not investigated.

(11) Pudovik, M. A.; Medevdeva, M. D.; Kibardina, L. K.; Pudovik,
A. N. J. Gen. Chem. USSR (Engl. Trnsl.) 1975, 45, 924.

(12) Pudovik, M. A.; Kibardina, L. K.; Medvedeva, M. D.; Pestova, T.
A.; Kharlampidi, Kh. E.; Pudovik, A. N. J. Gen. Chem. USSR (Engl.
Transl.) 1976, 46, 1878.

(18) Pudovik, M. A.; Kibardina, L. K.; Medvedeva, M. S.; Pudovik, A.
N. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1979, 28, 1022.
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Conclusion

(Silylamino)phosphines generally react smoothly with
carbonyl compounds via nucleophilic attack by phosphorus
with subsequent silyl migration to oxygen. This process
is a convenient synthetic route to new N-silylphosphin-
imines or phosphine oxides which contain Me SiO-func-
tionalized organic substituents.

Experimental Section

Materials and General Procedures. The (silylamino)-
phosphines were prepared according to the published proce-
dures.%** Acetone, acetaldehyde, benzaldehyde, cyclohexanone,
and dichloromethane were obtained from commerical sources,
distilled, and stored over molecular sieves prior to use. Acrolein
was distilled and used immediately. Other reagents were used
as obtained without further purification. All reactions were
performed under an atmosphere of dry nitrogen with reagents
being transferred by syringe. Proton NMR spectra were obtained
on Varian EM390 or JEOL MH-100 spectrometers. Carbon-13
and P NMR spectra were obtained on a JEOL FX-60 spec-
trometer operating in the FT mode. Elemental analyses were
performed by Schwarzkopf Microanalytical Laboratories,
Woodside, NY.

Reactions of (Silylamino)phosphines with Aldehydes and
Ketones. Typically, the phosphine (ca. 10~20 mmol) was dissolved
in CH,Cl, (ca. 10-15 mL) in a 25-mL flask equipped with a
magnetic stirrer and an adapter with a gas-inlet side arm and a
rubber septum. The carbonyl compound was then added via
syringe to the stirred phosphine solution. Some reagents (see
below) required addition at 0 °C to moderate the exothermic

(14) Wilburn, J. C. Ph.D. Dissertation, Duke University, Durham, NC,
1978.

reaction. The progress of the reactions was monitored by ‘H NMR
spectroscopy, and Table I lists the times by which disappearance
of the starting phosphine was observed to be complete. Reaction
times of <1 min indicate that the reaction is very rapid at 0 °C.
Upon completion of the reaction, solvent was removed under
reduced pressure, and the product was purified by fractional
distillation (Table I).

In the above procedure, the reagents added at room temper-
ature were acetone, cyclohexanone, and 2-cyclohexen-1-one. Those
added at 0 °C were acetaldehyde, benzaldehyde, chloroacetone,
dichloroacetone (as a CH,Cl, solution), acrolein, and methyl vinyl
ketone.

In the synthesis of the 10-membered ring 10, the Z isomer was
favored if methyl vinyl ketone was slowly swept into the reaction
mixture at 0 °C under a stream of nitrogen.

In the syntheses of 5a and 11, hexafluoroacetone was introduced
as a gas into an evacuated flask containing the phosphine, without
solvent, which was being stirred at 0 °C. An exothermic reaction
ensued in which only 1 equiv of hexafluoroacetone was consumed.
Products were then purified by fractional distillation (Table I).
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The reaction of (7°-C;H;5)Coly(CO) with P(OR)3, R = CH; and C,H;, yields different products depending
on the amount of phosphite and on conditions employed. By stoichiometric ligand substitution, (n°
CsH;)Col,[P(OCHy),] is produced. However, with excess P(OCHj3); a double Michaelis—Arbuzov reaction
occurs to yield (n5-CsH;)Co[P(O)(OCHj),]5[P(OCHj)s] (3) with formation of CHgl. Complex 3, isolatable
in both the anhydrous and monohydrated form, is converted to the cobalt supersandwich (n°-
CsH;);Co,[P(0)(OCHj;),]¢ by pyrolysis or by the addition of anhydrous CoCl,. The nature of 3 has been
verified by a single-crystal X-ray diffraction study at ~100 °C. It crystallizes as a monohydrate in space
group C%,—P2,/c with four formula units in a cell of dimensions a = 7.872 (1) &, b = 15.105 (2} &, ¢ =
16.517 (2) A, and 8 = 91.819 (1)°. Least-squares refinement of a data set containing 3238 reflections having
F2> 34(F ) converged to conventional agreement indices (on F) of R = 0.031 and R,, = 0.034. The spectral,
structural, and reactivity details of the complex, apparently unique in its formation via a double Mi-

chaelis—Arbuzov reaction, are discussed.

Introduction

The Michaelis-Arbuzov rearrangement, as illustrated
in reaction 1, results in the production of a phosphonate

RX + P(OR’); — P(O)R(OR’); + R’X 1)

(1) (a) University of Delaware. (b) E. I. du Pont de Nemours and Co.,
Contribution No. 2952.

0276-7333/82/2301-0295$01.25/0

species by alkyl transfer to phosphorus in a reaction be-
tween an alkyl halide and a trialkyl phosphite.2* Anal-
ogous transformations which occur when certain organo-
transition-metal halides such as CpFeX(CO),,5¢ CpNiX-

(2) Michaelis, A.; Kaehne, R. Chem. Ber. 1898, 31, 1048-55.

(3) Arbuzov, A. E. Zh. Russ. Fiz.-Khim. O-va. 1906, 38, 687.

(4) Harvey, R. G.; DeSombre, E. R. Top. Phosphorus Chem. 1964, 1,
57.

© 1982 American Chemical Society
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Conclusion

(Silylamino)phosphines generally react smoothly with
carbonyl compounds via nucleophilic attack by phosphorus
with subsequent silyl migration to oxygen. This process
is a convenient synthetic route to new N-silylphosphin-
imines or phosphine oxides which contain Me SiO-func-
tionalized organic substituents.

Experimental Section

Materials and General Procedures. The (silylamino)-
phosphines were prepared according to the published proce-
dures.%** Acetone, acetaldehyde, benzaldehyde, cyclohexanone,
and dichloromethane were obtained from commerical sources,
distilled, and stored over molecular sieves prior to use. Acrolein
was distilled and used immediately. Other reagents were used
as obtained without further purification. All reactions were
performed under an atmosphere of dry nitrogen with reagents
being transferred by syringe. Proton NMR spectra were obtained
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and P NMR spectra were obtained on a JEOL FX-60 spec-
trometer operating in the FT mode. Elemental analyses were
performed by Schwarzkopf Microanalytical Laboratories,
Woodside, NY.

Reactions of (Silylamino)phosphines with Aldehydes and
Ketones. Typically, the phosphine (ca. 10~20 mmol) was dissolved
in CH,Cl, (ca. 10-15 mL) in a 25-mL flask equipped with a
magnetic stirrer and an adapter with a gas-inlet side arm and a
rubber septum. The carbonyl compound was then added via
syringe to the stirred phosphine solution. Some reagents (see
below) required addition at 0 °C to moderate the exothermic

(14) Wilburn, J. C. Ph.D. Dissertation, Duke University, Durham, NC,
1978.

reaction. The progress of the reactions was monitored by ‘H NMR
spectroscopy, and Table I lists the times by which disappearance
of the starting phosphine was observed to be complete. Reaction
times of <1 min indicate that the reaction is very rapid at 0 °C.
Upon completion of the reaction, solvent was removed under
reduced pressure, and the product was purified by fractional
distillation (Table I).

In the above procedure, the reagents added at room temper-
ature were acetone, cyclohexanone, and 2-cyclohexen-1-one. Those
added at 0 °C were acetaldehyde, benzaldehyde, chloroacetone,
dichloroacetone (as a CH,Cl, solution), acrolein, and methyl vinyl
ketone.

In the synthesis of the 10-membered ring 10, the Z isomer was
favored if methyl vinyl ketone was slowly swept into the reaction
mixture at 0 °C under a stream of nitrogen.

In the syntheses of 5a and 11, hexafluoroacetone was introduced
as a gas into an evacuated flask containing the phosphine, without
solvent, which was being stirred at 0 °C. An exothermic reaction
ensued in which only 1 equiv of hexafluoroacetone was consumed.
Products were then purified by fractional distillation (Table I).
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79200-73-0; 9, 79200-74-1; 10(Z), 79200-75-2; 10(E), 79200-76-3; 11,
72805-02-8; 13, 79215-35-3; 14, 79200-77-4; 15, 79200-78-5; 16,
79200-79-6; hexafluoroacetone, 684-16-2; acetone, 67-84-1; acet-
aldehyde, 75-07-0; benzaldehyde, 100-52-7; biacetyl, 431-03-8;
chloroacetone, 78-95-5; dichloroacetone, 534-07-6; cyclohexanone,
108-94-1; methyl vinyl ketone, 78-94-4; acrolein, 107-02-8; 2-cyclo-
hexen-1-one, 930-68-7.

A Double Michaelis—Arbuzov Rearrangement Involving
(n°-C5H5)ColI,(CO) and P(OCH;),;. Formation of the Cobalt
“Supersandwich” Complex
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The reaction of (7°-C;H;5)Coly(CO) with P(OR)3, R = CH; and C,H;, yields different products depending
on the amount of phosphite and on conditions employed. By stoichiometric ligand substitution, (n°
CsH;)Col,[P(OCHy),] is produced. However, with excess P(OCHj3); a double Michaelis—Arbuzov reaction
occurs to yield (n5-CsH;)Co[P(O)(OCHj),]5[P(OCHj)s] (3) with formation of CHgl. Complex 3, isolatable
in both the anhydrous and monohydrated form, is converted to the cobalt supersandwich (n°-
CsH;);Co,[P(0)(OCHj;),]¢ by pyrolysis or by the addition of anhydrous CoCl,. The nature of 3 has been
verified by a single-crystal X-ray diffraction study at ~100 °C. It crystallizes as a monohydrate in space
group C%,—P2,/c with four formula units in a cell of dimensions a = 7.872 (1) &, b = 15.105 (2} &, ¢ =
16.517 (2) A, and 8 = 91.819 (1)°. Least-squares refinement of a data set containing 3238 reflections having
F2> 34(F ) converged to conventional agreement indices (on F) of R = 0.031 and R,, = 0.034. The spectral,
structural, and reactivity details of the complex, apparently unique in its formation via a double Mi-

chaelis—Arbuzov reaction, are discussed.

Introduction

The Michaelis-Arbuzov rearrangement, as illustrated
in reaction 1, results in the production of a phosphonate

RX + P(OR’); — P(O)R(OR’); + R’X 1)

(1) (a) University of Delaware. (b) E. I. du Pont de Nemours and Co.,
Contribution No. 2952.

0276-7333/82/2301-0295$01.25/0

species by alkyl transfer to phosphorus in a reaction be-
tween an alkyl halide and a trialkyl phosphite.2* Anal-
ogous transformations which occur when certain organo-
transition-metal halides such as CpFeX(CO),,5¢ CpNiX-

(2) Michaelis, A.; Kaehne, R. Chem. Ber. 1898, 31, 1048-55.

(3) Arbuzov, A. E. Zh. Russ. Fiz.-Khim. O-va. 1906, 38, 687.

(4) Harvey, R. G.; DeSombre, E. R. Top. Phosphorus Chem. 1964, 1,
57.

© 1982 American Chemical Society
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Table I. Summary of NMR Data®
H “P{‘H} ”C{‘H}
50 4 sd JHPC sb JCPC

CpCol,[P(OMe),] (2)

C H, 5.30 0.8 (d) 87.17

P(OCH,), 3.87 10.7 (d) 132.5 56.53 8.2 (d)
CpCo[P(O)(OMe),],[P(OMe),] (3)

C.H, 5,26 90.40

P(OCH ), 3.84 11.2 (d) 148.9 134 (t) 54,12 7.9 (d)

(O)(OCH ), 3.71 9.5, 2.0 (vt) 95.2 134 (d) 51.33 4.0 (d)

@ Measured in CDCl,. ® Ppm downfield from SiMe,,

[P(OMe),]” (X = halide), and CpReBry(CO),® are substi-
tuted for the alkyl halide lead to monophosphonate metal
complexes. Several other variations which involve or-
ganometallic complexes have been reported.®!

In the course of studies on the substitution chemistry
of CpCol,(CO) (1) we have found that while a simple ex-
change to yield CpCol,[P(OMe);] (2) results from the re-
action of 1 with 1 equiv of trimethyl phosphite, treatment
with excess P(OMe), produces a complex, CpCo[P(0)-
(OMe),];[P(OMe);] (8), derived from an unprecedented
double Michaelis—Arbuzov reaction. Because such trans-
formations have not been previously reported, we have
explored the systematics of this reaction as well as those
of a series of novel related transformations. We find that
complexes 1, 2, and 3 are transformed by various pathways
into the trinuclear cobalt “supersandwich” Cp,Cos[P-
(0)(OMe);); (4).12 In contrast to previous syntheses these
reactions proceed under mild conditions and involve air-
stable reactants.

We report herein the results of our investigations into
the substitution chemistry of complex 1, the formation of
complex 3 via a double Michaelis-Arbuzov rearrangement,
which includes a single-crystal X-ray diffraction study of
3 itself, and the facile preparation of the cobalt super-
sandwich complex.

Results and Discussion

Synthesis and Reactions. (5-CsH;)Col,(CO) (1) re-
acts with P(OMe); to vield a variety of products depending
on reaction stmchlometry, temperature, and solvent.
Figure 1 summarizes some of the transformations de-
scribed below. As previously demonstrated by Heck!? and
King!* the carbonyl group of complex 1 is highly labile.
When 1 equiv of P(OMe); is added to 1 in CH,Cl, at am-
bient temperature, a gradual color change from violet to
brown ensues with evolution of a gas (presumably CO).
The brown-black monophosphite derivative is isolated as
the sole metal-containing product of the reaction. Al-
though complexes of the form CpCol,L, where L = N or
P donor ligand, are well-known, complex 2 has not been
previously reported. As indicated in Table I, which con-
tains a summary of NMR data, the 3'P NMR spectrum of
complex 2 consists of a broad absorption centered at &

(5) Haines, R. J.; DuPreez, A. L.; Marais, I. L. J. Organomet. Chem.
1971, 28, 405-13.

(6) Abbreviations: 7°-CsH;, Cp; CHj, Me; C,H;, Et.

(7) Clemens, J.; Neukomm, H.; Werner, H. Helv. Chim. Acta 1974, 57,
2000-2010.

(8) King, R. B.; Reimann, R. H. Inorg. Chem. 1976, 15, 179-83.

(9) Neukomm, H.; Werner, H. J. Organomet. Chem. 1976, 108, C26-8.

(10) Klaui, W.; Neukomm, H. Org. Magn. Reson. 1977, 10, 126-31.

(11) King, R. B.; Diefenbach, S. P. Inorg. Chem. 1979, 18, 63-8.

(12) Harder, V.; Dubler, E.; Werner, H. J. Organomet. Chem. 1974, 71,
427-33.

(13) Heck, R. F. Inorg. Chem. 1965, 4, 855-7; 1968, 7, 1513-16.

(14) King, R. B. Inorg. Chem. 1966, 5, 82-7.

¢ Hz {(multiplicity).

d Ppm downfield from H,PO,.
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Figure 1. Reaction scheme of interconversions of complexes 1-4.

132.5 which is characteristic of a P(III) nucleus coordinated
to a first-row element.’® The 'H NMR spectrum contains
a C;H; doublet at § 5.30 and a methyl resonance centered
at 6 3.87 of appropriate intensities (5:9). 3Jyp for the Cp
and methyl signals are 0.8 and 10.7 Hz, respectively. The
13C NMR spectrum of complex 2 exhibits a cyclo-
pentadienyl carbon resonance at ¢ 87.17 and a methyl
carbon doublet centered at § 56.53 (3J/cp = 8.2 Hz).
The addition of 3 or more equiv of P(OMe); to complex
1 (CH,Cl,, 25 °C) causes a marked decolorization of the
solution from deep violet to yellow which is complete
within a matter of minutes. A bright yellow air-stable
crystalline product is readily isolated. However, we ob-
served different products depending upon solvent pre-
treatment and the extent of atmospheric exposure during
workup. One product melts reproducibly at 108 °C while
the other melts at 145 °C. On the basis of 'H, 13C, and 'P
NMR spectroscopies, both complexes appeared to have the
formula (n5-CsH5)Co[P(O)(OCH,),],[P(OCHj;);]. While the
complex clearly contains Co(III), the various spectra do
not unequivocably distinguish the two likely bonding
modes: MOP(OMe),!¢ and M[P(0)(OMe),).57- 101718 We
subsequently found (vide infra) that the two complexes
are the anhydrous and monohydrated forms of complex
3. The anhydrous form melts at 108 °C and is quite hy-
groscopic, although it is otherwise stable to atmospheric
exposure. The monchydrate is neither air nor moisture
sensitive and has the higher, 145 °C, melting point, un-
doubtedly because of lattice stablization afforded by the
intermolecular hydrogen bonding of the water molecules.

(15) Nizon, J. F.; Pidcock, A. Annu. Rev. NMR Spectrosc. 1969, 2,
345-422.

(16) (a) Stelling, O. Z. Phys. Chem., Stoechiom. Verwandschaftsl.
1925, 117, 161-74, 194-208. (b) Daasch, L. W. J. Am. Chem. Soc. 1958,
80, 5301-3. (c) Smith, T. D. J. Inorg. Nucl. Chem. 1960, 15, 95-8.

(17) Haines R. J.; Nolte, C. R. J. Organomet. Chem. 1970, 24, 725-36.

(18) Howell, J. A. S.; Rowan, A. J. J. Chem. Soc., Dalton Trans. 1980,
1845-51.
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Figure 2. 'H (a) and P {'H} (b) NMR spectra of CpCo[P-
(0)(OMe),],[P(OMe)s] (3).

The use of rigorously anhydrous conditions yields the
anhydrous form, but if no special precautions are exercised,
the hydrated form often results.

The essential structural features of complex 3 are es-
tablished by its NMR spectra, as listed in Table I. The
31p NMR spectrum, as shown in Figure 2, consists of a
broad, partially resolved triplet at 6 148.9 and a doublet
centered at 6 95.29 (2Jpp = 134.4 Hz) arising from the
phosphite and phosphonate phosphorus nuclei, respec-
tively. The integrated intensities conform to the expected
1:2 ratio. Coupling with the 3Co quadrupole moment may
give rise to the broadened phosphite signal. The observed
chemical shifts are in accord with those previously reported
for P(OMe); and P(0)(OMe), ligands bound to transition
metals.'™? Compare the shifts for complex 3 with those
of CpMo[P(0)(OMe),](CO),[P(OMe),],"" 5 188.0 and 115.0,
and CpRu[P(0)(OMe),](CO)[P(OMe);],’8 5 160 and 110
[P(OMe); and P(0)(OMe), signals, respectively, in each
case]. Free trimethyl phosphite exhibits a resonance at
8 141% while nonmetallic phosphonates give rise to signals
in the range § 0~30.2 Thus the change in chemical shift
upon complexation is smaller for P(OMe); than for the
-P(0)(OMe), group.

The 'H NMR spectrum of complex 3, as shown in Figure
2, contains a C;H; resonance, a P(OCHj); doublet centered
at & 3.84, and a triplet at & 3.71, in the expected 5:9:12 ratio
of integrated intensities. The triplet resonance arises from
the phosphate methyl protons. The observed splitting is
invariant at 90, 220, and 250 MHz, and thus inequivalent
P(0)(OMe), groups, which could produce an apparent
triplet, are precluded. Rather, the triplet signal is the AA’
portion of a AgXX’A’, spectrum in which the phosphonate

(19) Mabich, W.; Janta, R. Angew. Chem., Int. Ed. Engl. 1978, 17,
211-2,

(20) Van Wazer, J. R. Top. Phosphorus Chem. 1967, 5, 227-457.

(21) Emsley, J. W.; Feeney, J.; Sutcliffe, L. H. “High Resolution Nu-
clear Magnetic Resonance”; Pergammon Press: New York, 1966: Vol.
11, p 1006.
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methyl protons are virtually coupled to both phosphonate
phosphorus nuclei. The observed second-order spectrum
results from a large coupling between the X and X’
(phosphonate phosphorus) nuclei. We have successfully
simulated the observed pattern by using 2.0 and 9.5 Hz
for 5Jyp and 3Jyp, respectively. Variation of %J/pp between
100 and 150 Hz has negligible effect on the simulated
pattern. The 'H NMR parameters of complex 3 are en-
tirely those reported for CpCoX[P(O)(OMe),][P(OMe)s],
where X = I and CH,.2

The cyclopentadienyl carbon nuclei give rise to a singlet
at 6 90.40 while complex patterns centered at § 54.12 and
51.33 are observed for the phosphite and phosphonate
carbon atoms, respectively.

The formation of complex 3 is related to the classical
Michaelis—Arbuzov transformation of a phosphite to a
phosphonate by an alkyl halide reagent. The reaction
occurs by initial addition of the alkyl halide to the phos-
phite to form a phosphonium salt which subsequently
rearranges to yield a trialkyl phosphonate and the alter-
native alkyl halide.’* In the reaction of complex 1,
CpCol,(CO), with trimethyl phosphite the CpCoXI group,
where X = I or P(0)(OMe),, may function analogously to
the alkyl group of the alkyl halide as it coordinates a P-
{OMe); molecule. In the presence of excess trimethyl
phosphite, the reaction proceeds with successive liberation
of two molecules of CH;l via a double Michaelis-Arbuzov
reaction as shown in equ 2. The required byproduct

CpCol,(CO) + 3P(OMe); —
CpCo[P(0)(OMe),),[P(OMe)3] + 2Mel + CO (2)

methyl iodide is readily observed in the yellow reaction
mixture by 'H NMR spectroscopy. In the mechanism
described above the final phosphite to coordinate should
remain unchanged.

The formation of complex 3 via the Michaelis-Arbuzov
rearrangement is not unlike reactions which occur when
CpNiX[P(OMe); (X = halide,” CpFeCl(CO);° or
CpReBr,(CO),8 react with trimethy! phosphite to produce
organometallic monophosphonate complexes and alkyl
halides. Note that in the case of CpReBry(CO), only one
Br atom is replaced by a phosphonate group. Apparently
the steric requirements of the complex dictate the extent
of phosphonate-for-halide replacement.

The formation of ethyl analogues of complexes 2 and 3
result from the treatment of complex 1 with triethyl
phosphite. Complete transformation of complex 1 to
CpCo[P(0)(OEt),];[P(OEt);] proceeds at a rate slower
than that of the trimethyl phosphite reaction, possibly
because of the lower volatility of ethyl vs. methyl iodide.
The physical and spectral properties of the ethyl deriva-
tives are entirely in accord with those of the methyl con-
geners, complexes 2.and 3.

Complexes 1, 2, and 3 are readily converted to the tri-
nuclear cobalt “supersandwich” complex Cp,Co;[P(0)-
(OMe);)q (4). Complex 4 was initially prepared by Harder,
Dubler, and Werner,!? whose synthesis involved heating
cobaltacene with P(OCHj); or HP(O)(OCHy), in a sealed
tube at 140-150 °C for several days. Complexes 1, 2, and
3 are transformed into 4 under much less vigorous con-
ditions. Heating CpCol,(CO) (1) with excess P(OMe); in
CH,C], produces a small amount of complex 4, probably
by the sequence 1 — 2 — 3 — 4 as depicted in Figure 1.
When CpCo[P(0)(OMe),],[P(OMe);] (3) is refluxed in
acetone with 3 equiv of P(OMe)s, the trinuclear complex
is produced in 50% yield. Complex 4 is also formed (70%
yield) from the reaction of complex 3 with 0.5 molar equiv
of CoCl,. Note that Michaelis—Arbuzov rearrangements
are required for these reactions to proceed but are not
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Table II. Selected Distances (A ) and Angles (Deg) in CpCo[P(O)(OMe),],[P(OMe),]-H,0
Distances
Co-P(1) 2.196 (1) P(1)-0(3) 1.618 (2) 0(6)-C(4) 1.439 (3)
Co-P(2) 2.202 (1) P(2)-0(4) 1.492 (3) 0(7)-C(5) 1.441 (3)
Co-P(3) 2.151 (1) P(2)-0(5) 1.598 (2) 0(8)-C(6) 1.456 (3)
Co-C(10) 2.093 (2) P(2)-0(6) 1.613 (2) 0(9)-C(7) 1.438 (3)
Co-C(11) 2.094 (2) P(3)-0(7) 1.572 (2) C(10)-C(11) 1.414 (3)
Co-C(12) 2.077(2) P(3)-0(8) 1.583 (2) C(10)-C(14) 1.417 (3)
Co-C(13) 2.103 (2) P(3)-0(9) 1.596 (2) C(11)-C(12) 1.410 (3)
Co-C(14) 2.112 (2) 0(2)-C(1) 1.437(3) C(12)-C(13) 1.427 (3)
P(1)-0(1) 1.487 (2) 0(3)-C(2) 1.428 (3) C(13)-C(14) 1.410 (3)
P(1)-0(2) 1.614 (2) 0O(5)-C(3) 1.422(3) O-H(1) 0.75 (8)
0-H(2) 0.80 (4)
0(1)--H(2) 2.03 (4) 0(4)-+-H(1) 2.03 (3)
Angles
P(1)-Co-P(2) 91.87 (2) O(7)-P(3)-0(8) 101.20(9) P(2)-0(5)-C(3) 123.7 (2)
P(1)-Co-P(3) 93.50 (2) O(7)-P(3)-0(9) 99.15 (9) P(2)-0(6)-C(4) 118.1(2)
P(2)-Co-P(3) 95.67 (2) 0(8)-P(3)-0(9) 106.52(9) P(3)-0(7)-C(5) 126.5(2)
Co-P(1)-0(1) 120,77 (7) P(1)-0(2)-C(1) 118.16 (1) P(3)-0(8)-C(6) 121.4 (2)
Co-P(1)-0(2) 104.45 (6) P(1)-0(3)-C(2) 120.9 (2) P(3)-0(9)-C(7) 123.0(2)
Co-P(1)-0(3) 110.31(7) 0O(1)-P(1)-0(2) 110.94 (9) C(11)-C(10)-C(14) 108.1(2)
Co-P(2)-0(4) 116.77 (7) 0(1)-P(1)-0(3) 109.23 (9) C(10)-C(11)-C(12) 108.3 (2)
Co-P(2)-0(5) 113.51(7) 0(2)-P(1)-0(3) 98.86 (9) C(11)-C(12)-C(13) 107.6 (2)
Co-P(2)-0(6) 103.50 (6) 0(4)-P(2)-0(5) 108.70 (9) C(12)-C(13)-C(14) 108.1(2)
Co-P(3)-0(7) 122.47 (7) 0(4)-P(2)-0(6) 110.89 (9) C(13)-C(14)-C(10) 107.9 (2)
Co-P(3)-0(8) 107.35 (7) 0(5)-P(2)-0(6) 102.48 (10) H(1)-0-H(2) 109 (3)
Co-P(3)-0(9) 118.09 (6)
P(1)-O(1)-H(2) 144 (1) P(2)-0(4)--H(1) 136 (1)
0(1)--H(2)-0 169 (4) 0(4)--H(1)-0 171 (3)

74
Figure 3. A perspective view of CpCo[P(0)(OMe),],[P-
(OMe);]-H;0 (3). The vibrational ellipsoids are drawn at the 50%
level here and in subsequent figures. The water molecule and
the hydrogen atoms have been omitted for clarity. Atom labels
are included.

necessary in the following transformation. A solid sample
of CpCo[P(0)(OMe,],[P(OMe);] (3) is smoothly converted
to CpyCoy[P(0)(OMe),]¢ (4) by simply heating the mono-
nuclear complex above its melting point. The anhydrous
form of complex 3 melts at 108 °C and then recrystallizes
as the yellow “supersandwich” complex. A gas, presumably
a mixture of trimethyl phosphite and a cyclopentadiene-
derived product, possibly dicyclopentadiene, is evolved as
the complex solidifies. Although the volatile products were
not completely characterized, the pyrolysis reaction ap-
pears to be a shown in reaction 3. The hydrated form of

3CpCo[P(0)(OMe),],[P(OMe);] —
Cp,Co3[P(0)(OMe),]s + 3P(OMe); + 0.5C;,Hy, (3)

3 melts at 145 °C and remains a liquid up to approximately
170 °C. At this temperature gas evolution is observed and
the material solidifies as yellow crystals. The yield of
complex 4 from these thermolysis reactions is approxi-
mately 70-80%. The reaction of the hydrated form of
complex 3 to 4 appears to be a thermal dehydration fol-

Figure 4. A perspective view normal to the cyclopentadienyl
plane.

lowed by the transformation shown in reaction 3.

Description of the Structure of CpCo[P(0)-
(OMe),;],[P(OMe);]-H;0 (3). The crystal structure of 3
consists of the packing of four molecules linked by hy-
drogen-bound water molecules. The molecules are well
separated, having no significant close intermolecular con-
tacts other than those associated with the bridging water
molecule. Bond distances and angles are compiled in Table
II. Figure 3 contains a representation of the unsolvated
molecule and includes the atom labels which are used in
this discussion. The piano stool conformation of the
molecule is emphasized in the depiction of the inner co-
ordination sphere shown in Figure 4. The intermolecular
hydrogen bonding involving the water of hydration is il-
lustrated in Figure 5.

The observed molecular structure confirms the spec-
troscopic characterization of complex 3 described above.
The molecule contains a Co(III) center surrounded by an
unremarkable n°-cyclopentadienyl ring, a trimethyl
phosphite ligand, and two phosphorus-bound dimethyl
phosphonate groups. As shown in Figures 3 and 4 the
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Figure 5. A perspective view of the molecule showing the
molecule of hydration. A number of atoms have been omitted
for clarity. Two water molecules have been included to illustrate
the intermolecular hydrogen bonding.

coordination geometry is pseudooctahedral with the 7°-
C;H; ligand occupying three facial sites. The P-Co-P
angles approximate the octahedral value as they range
from 91.9 to 95.7 (2)°. The water molecule of complex 3
bridges the unique phosphonate oxygen atoms of adjacent
molecules. At 2.773 and 2.828 (3) A, the O-0 separations
of the hydrogen-bonding fragments are normal as are the
near linear (ca. 170°) but unsymmetrical O-H--O arrays.?
These latter values are based upon refined hydrogen atom
positions. Although these atoms were readily located and
refined smoothly, the derived O-H bond distances, 0.75
(3) and 0.80 (4) A, are substantially shorter than expected.
In the absence of neutron diffraction data, these values
must be regarded with caution.

Only a few complexes which incorporate a phosphonate
ligand have been structurally characterized.?** The best
comparisons can be drawn between the structural param-
eters of complex 3 and those of CpCr[P(0)(0OMe),]-
(CO),[P(OMe),] (5), the only other structurally charac-
terized complex which contains both phosphonate and
phosphite ligands.? In both complexes the M-P(phos-
phite) separations (2.267 (3) and 2.151 (1) A, Cr and Co)
are shorter than the respective M—P(phosphonate) dis-
tances, 2.360 (3) and 2.199 (1) A. These differences must
be electronic in origin because the steric demand of P-
(0)(OMe), and P(OMe); ligands appear comparable. The
phosphonate phosphorus atom should be a much poorer
o donor than its phosphite counterpart on the basis of the
former atom’s higher oxidation state. This ¢ term ap-
parently dictates the M—P bond length but contributions
from 7 withdrawal must also be present. Preliminary NQR
experiments reveal that complex 3 closely resembles the
cobalt(I) species CpCo(CO),(HgCl,) and indicate that the

(22) Hamilton, W. C,; Ibers, J. A. “Hydrogen Bonding in Solids”; W.
A. Benjamin: New York, 1968.

(23) Goh, L.-Y.; D’Aniello, M. J., Jr.; Slater, S.; Muetterties, E. L.;
Tavanaiepour, I; Chang, M. L; Fredrich, M. F.; Day, V. W. Inorg. Chem.
1979, 18, 192-17. .

(24) Bruce, M. I; Howard, J.; Nowell, I. W.; Shaw, G.; Woodward, P.
J. Chem. Soc. D 1972, 1041-2.

(25) Orpen, A. G.; Sheldrick, G. M. Acta Crystallog. Sect. B 1978, B34,
1992-4,

(26) Fernandez, J. M.; Johnson, B. F. G.; Lewis, J.; Raithby, P. R.;
Sheldrick, G. M. Acta Crystallogr. Sect. B 1978, B34, 1994-7.

(27) Southern, T. G.; Dixneuf, P. H.; LeMarouille, J. Y.; Grandjean,
D. Inorg. Chem. Acta 1978, 31, L415-6.

(28) Bennett, J.; Pidcock, A.; Waterhouse, C. R.; Coggon, P.; McPhail,
A. T. J. Chem. Soc. A. 1970, 2094-9.

(29) Mather, G. G.; Pidcock, A. J. Chem. Soc., Dalton Trans. 1973,
560-2.
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Table III. Summary of X-ray Diffraction Data

complex

formula

space group
cryst dimens, mm
temp, °C

radiatn

u, em™!

transmissn factors

26 limits, deg

total no. of observns

unique data, F,* >
30(F,?)

final no. of variables

R

RW

error in observn of

(n*-C.H,)Co[P(O)(OCH,), ], [P-
( 2);]-H,0

C,,H,,Co0,,P,

484.21

7.872 (1)

15.105 (2)

16.517 (2)

91.819 (1)

1963.0 (8)

4

1.638

Cip—P2,/c (no. 14)

0.20 X 0.26 X 0.26

-100

Mo K« (0.710 69 A) from graphite
monochromator

12.01

0.928-0.993; av 0.967

4.0-55.0

4496

3238

243

0.031

0.034

1.54 electrons

unit wt

phosphonate ligand may be similar to carbon monoxide
in its donor-acceptor properties.?® Thus, in complex 5
competition between the CO and P(0)(OMe), ligands
accentuates the M-P bond length difference with respect
to that of complex 3, in which analogous 7 competition is
absent. The longer metal-bonding radius and the presence
of an additional ligand in the Cr complex undoubtedly also
contribute to the observed differences between complexes
3 and 5.

The observed orientation of the P=0 vectors in complex
3 probably results from hydrogen-bonding considerations
rather than from bonding requirements within the complex
itself. The P=0 bond distances, at 1.487 and 1.492 (2)
A, are only marginally longer than that reported for the
Cr complex 5, 1.478 (6) A, despite the absence of hydrogen
bonding in the latter complex. There is, in fact, only a
minor deviation in this separation in coordinated phos-
phonate groups, regardless of secondary oxygen interaction.
These distances range from 1.44 (7) to 1.53 (2) A, for
HgCI[P(0)(OEt),]® and Os;C(H)[OP(OMe)OP(OMe),]-
(CO)45,% respectively. The mercury complex shows a
strong O—Hg interaction while an osmium atom is clearly
oxygen bound in the carbide cluster. Of the reported
phosphonate complex structures only the Cr complex 5
exhibits no secondary oxygen interactions although its
P=0 separation is bracketted by values of the oxygen-
coordinated complexes.

Experimental Section

All solvents were of reagent grade, or better, and were used
as received. Alkyl phosphites were obtained from ROC-RIC and
were used without further purification. The complex CpCo(CO),
was obtained from Pressure Chemical and used as received.

1H, 3C{'H}, and *P{'H} NMR spectra were recorded on a Bruker
WM-250 spectrometer. CDCl; was the solvent for all NMR
spectra. 'H and *C chemical shifts are reported relative to SiMe,
(5 0.0) while 3P shifts are referenced downfield to 85% HyPO,
(external). 'H NMR spectra were simulated by using an ITRCL
program.

Mass spectra were obtained by using a Du Pont 21-492B mass
spectrometer. Microanalyses were performed by MicroAnalysis,
Wilmington, DE. All melting points were obtained by using a

(30) Brill, T. B,; Landon, S. J.; Towle, D. K., submitted for publication.
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Table IV. Positional and Thermal Parameters for the Atoms of CpCo[P(0O)(OMe), ],[P(OMe),]-H,O

AluM A Y I3 oll,l)
cv V.20bUeid) V.e7488(c) v, UpBLbLE) 1.17(01)
PLY) 0,0841719) U.31911(5) U I491514) 1,.42i2)
Pie) 0.34397(9) v.1%1eld) wv.l411eld) L.381¢)
P(3) 0,11228(9) wv.civield) =v.uldslia)  1.48(e)
uil) =V.V63512) Vecaeell) Veloeall) l.021i7)
ute) Veueesie) vedlus(l) Valtau(l) e.40(8)
utLs) Velboele) Ve3dodl) be235741) 2. 00 ()
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uie) 0.4405(3) Veuvacil) vevovolLl) S.loty)
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Lle) V.126V(8) 0.1362(e) =v.lololc) 3,0(1)
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€i13) 0.354e(4) v 4052(2)  v,vdslie) 1.9(1)
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nil) 0.68314) V.lanie) ve.200ie) d.8( 8)
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Towle et al.
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2.080 9) 2.68(9) =0,89(d) *0.08(7) 1.49(7)
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. 9% 9) 1.27(N) 0.14(8) 0.u5(e) 9.63(7)
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2.411) 3.100) 9.21(11) 0.62011) 0.9¢1)
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EAPL=1/a4(8(1,1) X ™ & % X A% A AR ¢ .., * ¢ A B(€)3) A K X L X 08 X C0)J,

Melt-Temp heating block and are not corrected. The molecular
weight determination was made with an Hitachi Perkin-Elmer
115 vapor pressure osmometer, using CH,Cl, solutions referenced
to a calibration curve prepared with standard solutions of benzil.

CpColy(CO) was prepared according to standard literature
methods.!314

1:1 Reaction, CpCol,(CO) + P(OMe;). CpCol,[P(OMe);]
(2). Trimethyl phosphite (0.3 mL, 2.48 mmol) was added drop-
wise, as CH,Cl; solution, to a 50-mL solution of 1, CpCol,(CO)
(1.0 g, 2.48 mmol), in the same solvent. Gas evolution occurred
immediately, with a concomitant color change from dark purple
to dark brown. After the solution was left standing for 60 min,
30 mL of heptane was added and the methylene chloride removed
under reduced pressure at 25 °C to yield 0.90 g (73%) of brown,
air-stable crystals of CpCol,[P(OMe);] (2). The complex de-
composes above 140 °C without melting and is soluble in polar
organic solvents but insoluble in hydrocarbons or diethy! ether.
Anal. Caled for CgH,;sCo0;1,P: C, 19.07; H, 3.18; P, 6.15. Found:
C, 18.92; H, 3.04; P, 6.10. Mass spectrum: 375.2, [CpCol[P-
(OMe);]1*; 251.0, [CpCol]*.

1:3 Reaction, CpCoI,(CO) + P(OMe);. CpCo[P(O)-
(OMe),J.[P(OMe);] (3). A solution of P(OMe); (0.61 mL, 5.04
mmol) in 20 mL of methylene chloride was added dropwise to
a solution of 0.67 g (1.68 mmol) of complex 1 in the same solvent
(150 mL). After approximately 20 min, a color change from purple

to bright yellow, with accompanying gas evolution, was complete.
Filtration, after the mixture was stirred for several hours, removed
a small amount of brown residue. An orange oil resulted from
evaporation of the solvent at 25 °C and reduced pressure. Ex-
traction of this oil with 50 mL of acetone dissolved 3 and left a
small amount of Cp,Cos[P(0)(OMe),]s (4), as an insoluble produt.
Addition of 100 mL of xylene to the acetone solution, followed
by slow evaporation at 25 °C, produced 0.33 g (43%) of CpCo-
[P(0)(OMe),],[P(OMe);]-H;0 (3) as yellow needles, which were
washed with hexane (2 X 50 mL) and dried in the air; mp 145
°C. Anal. Caled for Ci3H3C00,4Ps: C, 29.77; H, 5.83. Found:
C, 29.78; H, 6.16. Mol. weight: caled, 473.24; found, 453. The
complex is soluble in acetone, CH,Cl,, and other polar organic
solvents but insoluble in aliphatic hydrocarbons.

The melting point varied between 108 and 145 °C, depending
upon the degree of hydration of this compound. The anhydrous
form of 3 can be prepared by taking precautions to work with dry
solvents and in a dry atmosphere. The melting point of anhydrous
3 is 108 °C. Intermediate melting points are believed to result
from intermediate stages of hydration.

CpsCo3[P(0)(OMe),]); (4). Method A. A mixture of complex
1 (0.50 g, 1.24 mmol) and trimethy! phosphite (0.15 mL, 1.24
mmol) in 30 mL of acetone was stirred for 1 h at ambient tem-
perature. An additional 0.30 mL of P(OMe); (3.72 mmol total)
was then added. The resulting solution was degassed by N, purge



Reaction of (n5-CsHy)Col,(CO)Y with P(OCHj),

and subsequently refluxed for 2 h. The yellow brown solid which
formed on cooling was shown to be a mixture of the desired
product and cobalt oxide. Extraction with CH,Cl, yielded a yellow
solution from which 0.23 g (58%) of Cp;Co3[P(0)(OMe),]g (4) was
isolated on concentration. The complex was identified by com-
parison of its spectral features, including mass spectrum, with
those previously reported.!?

Method B. A solid sample (0.040 g, 0.086 mmol) of CpCo[P-
(0)(OMe),];[P(OMe);] (8) in a 5-mm o.d. tube was slowly heated
in an oil bath. The complex melted at 138 °C and vigorous
bubbling immediately ensued. Crystallization occurred at 145
°C but the sample was heated to 170 °C to ensure complete
reaction. After the yellow solid cooled to room temperature and
was washed with acetone to remove unreacted starting material,
0.022 g (0.026 mmol, 79%) of complex 4 was collected.

Method C. A mixture of anhydrous CoCl, (0.012 g, 0.09 mmol)
and 3 (0.083 g, 0.18 mmol) was dissolved in 10 mL of acetone at
ambient temperature. Yellow crystals of the product resulted
within 30 min. After the solution was left standing overnight,
0.030 g (0.09 mmol, 35% based on Co) of yellow crystals of complex
4 was collected.

X-ray Data Collection and Structure Solution and Re-
finement. Crystals of CpCo[P(0)(OMe),],[P(OMe)3]-H,0 (3)
suitable for diffraction studies were obtained by slowly evaporating
a 1:1 benzene—xylene solution. The crystal chosen was encap-
sulated in a glass capillary under an atmosphere of N,. Prelim-
inary photographic investigations indicated the crystal system,
space group, and approximate cell dimensions. These and other
crystallographic data are summarized in Table III. The crystal
was then placed on a Syntex P3 diffractometer and shown to be
suitable for diffraction on the basis of w scans which showed the
peak width at half-height to be ca. 0.16° at =100 °C. The cell
parameters were then refined on the basis of 48 computer-centered
reflections chosen from diverse regions of reciprocal space.

Intensity data were collected by using the w-scan technique
(variable scan range, 4.0-10.0° min; total background time equals
scan time). The intensities of four standard reflections were
measured every 200 reflections. No significant deviations in the
intensities of these standards were observed. The intensities of
several reflections were measured at 10° increments about the
diffractor vector. Empirical corrections for absorption thereby
derived were subsequently applied. The data were processed by
using counting statistics and a p value of 0.02 to derive standard
deviations.?

The solution and refinement of the structure were carried out
on a PDP-11 computer using local modifications of programs

(31) Corfield, P. W. R.; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967,
6, 197-204.
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supplied by the Enraf-Nonius Corp.22 The cobalt and phosphorus
atoms were located by direct methods (Multan series). The
positions of the remaining nonhydrogen atoms were obtained by
the usual combination of structure factor and Fourier synthesis
calculations and full-matrix least-squares refinements. In the
least-squares refinements, the function minimized was > w(|F,|
~ |FJ)% where |F,] and |F,| are respectively the observed and
calculated structure amplitudes and where w = 1/6*(F,). The
atomic scattering factors were taken from the compilations of
Cromer and Waber.?® Anomalous dispersion terms used were
those of Cromer.3® After convergence of the nonhydrogen portion
of the molecule in which the atoms were allowed to vibrate an-
isotropically, the hydrogen atoms were located in a difference
Fourier synthesis. The hydrogen atoms of the water molecule
were included as isotropic bodies in subsequent refinements in
order to elaborate the hydrogen bonding in which they are in-
volved. The remainder of the hydrogen atoms were placed in
idealized positions by using a C-H distance of 0.95 A and included
as fixed contributions (By = 4.0). Least-squares refinement then
converged to values of R = 0.031 and R,, = 0.034 where R = }_||F,|
= |Fll/ ZIFo) and Ry, = [Tw(|Fo| - |F|)*/ ZwFo]"/%. A number of
peaks on the order of 0.3 e A= remain in a final difference Fourier
synthesis.

The final positional and thermal parameters of the refined
atoms appear in Table IV. Tables of hydrogen atom positions
and ;gucture amplitudes (observed and calculated) are availa-
ble.3%
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Supplementary Material Available: A table of idealized
hydrogen atom positions and a listing of the observed and cal-
culated structure amplitudes (25 pages). Ordering information
is given on any current masthead page.

(32) Frenz, B. A. “The Enraf-Nonius CAD4 SDP—A Realtime System
for Concurrent X-ray Data Collection and Crystal Structure
Determinations”, In “Computing in Crystallography”; Schenk, H., Ol-
thof-Hazelhamp, R., Van Koningsveld, H., Bassi, G. C., Eds.; Delft
University Press: Delft, Holland, 1978; pp 64-71.

(33) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV: (a) Table 2.2B; (b) Table 2.3.1.

(34) See paragraph at end of paper regarding supplementary material.

(35) After acceptance of this paper we became aware of a report of 3
[Werner, H., Juthani, B. (J. Organomet. Chem. 1981, 209, 211)] prepared
by a somewhat different route.



302

Organometallics 1982, 1, 302-305

Preparation and Structural Characterization of the Isostructural
Dichromium(11) and Dimolybdenum(I1) Complexes,
M,(0,CCH,),[ 0-(NMe,)C;H,CH,],, Containing Two Four Atom
Bridging Ligands and Surprisingly Short M=M Quadruple
Bonds

F. Albert Cotton* and Graham N. Mott
Department of Chemistry, Texas A&M University, College Slation, Texas 77843
Received July 23, 1981

The title compounds have been prepared in good yields by reactions of Cry(0;CCH,)4 and Moy(O,CCH,),
with Li[o-(NMe,)C¢H,CH,) in THF. Although the molecules of the two compounds are isostructural, each
compound was obtained in a different crystal form. For Cr(0,CCHy),[0-(NMe,)CeH,CH,],: space group,
Pbea with a = 12.478 (2) A, b = 19.048 (2) A, ¢ = 9.795 (2) A, V = 2328 (1) A3, and Z = 4. The molecules
reside on inversion centers and all of the ligands are bridging. With the Me,NCsH,CH, ligands oppositely
oriented, the inversion center is the only symmetry element possessed by the molecule. The phenyl ring
planes make dihedral angles of 55.0° with the central Cr,C,;N, plane. The Cr-Cr distance is in the
“gupershort” range, viz., 1.870 (1) A. The molybdenum compound crystallizes in space group P2,/c with
a=8577(2) A, b=28685(1) A, c = 15.663 (2) ,i' g =101.72 (1)°, V = 1142 (1) A% and Z = 2. The molecular
structure is qualitatively the same as that of the chromium homologue with an Mo—-Mo distance of 2.065
(1) A, which is among the shortest Mo~Mo quadruple bond distances known, and the dihedral angle

corresponding to the one quoted above is 57.6°.

Introduction

Several years ago Manzer! studied the ability of the
isomeric chelating ligands 1 and 2 to improve the stability

Hz
C
o
NMez
i
1

of M—C ¢ bonds in organometallic compounds of the early
transition elements. He found that significant enhance-
ments of stability did occur for mononuclear complexes
of Ti®l, VI and Cr™. Whether the increased stability is
entirely a result of the chelate effect is not certain since
the bulky NMe, groups may contribute by sterically re-
stricting the reactivity of the M—C bonds. Whatever may
be the detailed explanation for the stabilization effect, the
empirical fact that there is such an effect prompted us to
examine the usefulness of these ligands in preparing stable
organo derivatives of multiply bonded dimetal units such
as Cry** and Mo,**.

We have previously reported our studies of the reactions
of the lithium derivative of 1 with Cry(0,CCHj),? and
Mo,(0,CCH,),.2 All of the products obtained contained
the chelating form of 1 but with chromium no simple
compound of Cr,** was obtained. With Mo,** we did get
the expected tetrakis-chelate species, albeit with a few
unexpected structural details.

We turned then to ligand 2, which we thought would be
even more likely to give products that (1) would retain the
M,** units and (2) would contain four chelating bidentate
ligands. As we show in this report, expectation 1 proved
correct but 2 has not been fulfilled. Ligand 2 assumes a
bidentate bridging role with respect to the Cr,** and Mo,**
species. Moreover, expectation 2 was unfulfilled also in
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(1) Manzer, L. E. J. Am. Chem. Soc. 1978, 100, 8068.
(2) Cotton, F. A.; Mott, G. N. Organometallics 1982, 1, 38.
(3) Cotton, F. A.; Mott, G. N. Inorg. Chem. 1981, 20, 3896.
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that no more than two of these ligands could be induced
to enter the products as replacements for acetate groups.
Finally, the products, My(0O,CCHg)s[0-(NMe,)CeH,CH,),,
both have very short M-M quadruple bonds.

For convenience in subsequent discussions in this paper,
we shall use DMAB as a code for the o-(dimethyl-
amino)benzyl ligand.

Experimental Section

All preparations and other operations were carried out under
a dry and oxygen-free argon atmosphere, using standard Schlenk
techniques. Solvents were dried and purged of molecular oxygen
by distillation from sodium-potassium amalgam. Lifo-
(NMe,)CeH,CH,] was prepared by a literature procedure.!

Preparation of Cr,(0O,CCHj),[0-(NMe,)C;H,CH,],. The
(o-(dimethylamino)benzyl)lithium reagent (0.83 g, 5.8 mmol) was
dissolved in 30 mL of THF. Dichromium tetraacetate (1.0 g, 2.9
mmol) was added and the resulting dark orange solution stirred
overnight. The amorphous precipitate of lithium acetate was
removed by filtration, and the resultant solution was cooled to
-10 °C to afford orange-red, air-sensitive crystals. Yield: 0.95
g (64%).

Preparation of Moy, (0,CCH),[0-(NMe,)C;H,CH;),. The
molybdenum compound was prepared in a similar manner to that
for the chromium compound using 1.0 g (2.3 mmol) of di-
molybdenum tetraacetate and 0.66 g (4.6 mmol) of the benzyl-
lithium reagent. After filtration the dark yellow THF solution
was reduced to a volume of about 10 mL. Overnight cooling at
-10 °C afforded bright yellow, air-stable crystals. Yield: 1.1¢g
(80%).

Several attempts were made to replace all four acetate moieties
with o-(NMey)CeH,CH, groups, first by using a 1:4 dimetal
tetraacetate to o-(NMey) CgH,CH,Li ratio at room temperature
and then a tenfold excess of ligand with refluxing for several days
in THF, but in no case was there evidence for the introduction
of more than two of the DMAB ligands.

Collection and Reduction of X-ray Data. Suitable crystals
of the title compounds were transferred to capillaries and sealed
under a stream of argon by using epoxy cement. The crystallo-
graphic studies were conducted in the same manner for both
compounds. Crystallographic data are collected in Table I. The
crystal class, cell dimensions, and space groups were established
in a routine manner by examination on an Enraf-Nonius CAD-4
diffractometer, operating at room temperature, and the same

© 1982 American Chemical Society
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Table I. Crystallographic Data and
Data Collection Procedures
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Table II.

Standard Deviations for
Cr,(0,CCH,),[0-(NMe,)C;H,CH,] ¢

Positional Parameters and Their Estimated

Cr,0,N,C,,H,, M0204N2022H30
(1) (2) atom x y z
M 490.49 578.38 Cr(1) 0.03741 (4) 0.05598 (5) 0.03132(2)
space group Pbea P2 /e O(1) -0.1529 (2) -0.1064 (2) 0.0361 (1)
a, A 12.478 (2) 8.5766 (17) 0(2) -0.0627 (2) 0.0223 (2) 0.1114 (1)
b, A 19.048 (2) 8.6849 (9) N -0.1667 (2) 0.0607 (3) -0.0933 (1)
c, A 9.795 (2) 15.6631 (20) C(1) -0.1387 (3) —0.0590 (3) 0.0969 (2)
g8, deg 90.00 101.723 (14) C(2) -0.2149 (3) ~0.0993 (5) 0.1547 (2)
v, A® 2328 (1) 1142 (1) (3) —0.0441 (3) 0.2359 (3) 0.0039 (2)
Z 4 2 C(4) -0.0533 (2) 0.2701 (3) ~0.0713 (2)
P caled» 8/cm?® 1.399 1.68 C(5) —-0.0011 (3) 0.3851 (4) ~0.0995 (2)
& (Mo Ka), cm™ 7.177 6.687 c(6) -0.0039 (3) 0.4161(4)  -0.1700 (2)
cryst size, mm 0.35X 0.30X  0.15X 0.20 X c(7) ~0.0578 (3) 0.3339 (4)  -0.2162(2)
0.30 0.20 C(8) -0.1087 (3) 0.2195 (4) -0.1907 (2)
diffractometer Enraf Nonius CAD-4 C(9) ~0.1068 (2) 0.1862 (3) -0.1201 (2)
radiation graphite-monochromated Mo Ka« C(10) -0.2611 (13) 0.0950 (4) -0.0583(2)
(A(e) = 0.710 73 &) c(11) ~0.1795 (3)  -0.0407 (4)  -0.1483 (2)
collection range +h,+k,+1; +h,+k, £l; H(3A) -0.104 (2) 0.231 (3) 0.023 (1)
0< 20 < 50° 0< 26 < 50° H(3B) —-0.008 (3) 0.308 (3) 0.028 (1)
aperture width, mm  1.50 + 1.0 1.50 + 1.0 H(5) 0.033 (2) 0.437 (8) -0.072 (1)
tan 6 tan 6 H(8) 0.026 (3) 0.479 (3) ~-0.188(2)
prescan rejection limit 2.0 2.0 H(7) -0.058(3) 0.361 (4) ~0.266.(2)
max counting time, s 30 30 H(8) -0.147 (2) 0.168 (3) -0.220 (1)
prescan 0.02 0.02 H(10A) -0.251(2) 0.166 (3) -0.018 (1)
acceptance limit H(10B) -0.310 (3) 0.131 (4) -0.095 (2)
X-ray exposure 24 16 H(10C) ~0.291 (3) 0.012 (4) -0.038 (1)
time, h H(11A) -0.228(3) -0.010 (4) -0.187 (2)
no. of unique data 2035 1993 H(11B) —0.206 (3) -0.123 (3) -0.123 (1)
no. of data with 1363 1505 H(11C) ~0.116 (3) -0.062 (3) -0.177 (2)
>
p Iz 30(D) 0.05 0.05 ¢ Estimated standard deviations in the least significant
no. of variables 184 184 digits are shown in parentheses.
R, 0.033 0.023
R, 0.043 0.031 Table III. Positional Parameters and Their Estimated
esd 1.29 0.97 Standard Deviations for
largest shift/error ratio 0.01 0.05 Mo,(0,CCH,),[0-(NMe,)C,H,CH,],°
largest peak, e/A® 0.43 0.24
atom x y z
instrument was then used to collect intensity data. The centering, Mo(1) 0.07968 (3) 0.09014 (3) 0.01345 (2)
autoindexing, and data collection procedures have been described O(1) 0.2533 (2)  -0.0262 (3) —0.0386 (1)
previously.! The intensity data were collected to 26 = 50° by O(2) 0.0855(3)  -0.2236 (3) —0.0666 (1)
using the «—-26 method and a scan range determined by Aw = (0.54 N 0.0378 (3) 0.2430 (3) -0.1133 (2)
+ 0.35 tan 6)° for the Cr compound and Aw = (0.50 + 0.35 tan C(1) 0.2201 (4) —0.1614 (5) —0.0666 (2)
0)° for the Mo compound with a 25% extension at either end for C(2) 0.3457 (5) -0.2502 (5) -0.0989 (3)
background determination in each case. The data were monitored 8(2) _83222 (i) ~0.0021 (5) ~0.1417 (2)
by measuring three standard reflections every 100 reflections. CE 5) :0' 4057 ( 4) g;? gg (g) "8&478 (2)
Only the reflections having intensities, I, greater than 34(J) were C(6; —0.4508 E5)) 0.3663 26) _0‘126253 (g)
retained as observed and, after correction for Lorentz and po- c(7) ~0.3370 (5) 0.4774 (5§ :0'1 562 (3)
larization effects, were used to solve and refine the structures. c(8) __0'1771 (5) 0.43 81 (4) ~0.1404 22))
With x < 8 em™ for both compounds no absorption corrections c(9) 01323 (4) 0.2838 (4) ~0.1352 (2)
were deemed necessary. C(10) 0.0914 (4) 0.1768(5)  —0.1895(2)
Solution and Refinement of the Structures. Cr,- c(11) 0.1445 (5) 0.3730 (4) -0.0818 (3)
(0,CCH;);[0-(NMe,)CgH,CH,);. This compound crystallizes H(3A) ~0.293 (4) —0.056 (4) -0.153 (2)
in the space group Pbca with each molecule residing on an in- H(3B) —0.140 (4) ~0.025 (4) -0.179 (2)
version center and half of the molecule constituting the asym- H(5) ~-0.468 (4) 0.129 (4) ~0.159 (2)
metric unit. The structure was solved by Patterson and Fourier H(6) —0.552 (4) 0.382 (4) -0.173 (2)
methods and refined® by the full-matrix least-squares procedure. H(7) -0.363 (4) 0.568 (4) -0.152 (2)
The position of the chromium atom was obtained through a H(8) —~0.103 (3) 0.505 (4) -0.132 (2)
three-dimensional Patterson synthesis. Three cycles of isotropic H(10A) 0.200 (4) 0.351 (4) 0.327 (2)
least-squares refinement gave values of R, = 0.41 and R, = 0.50 H(10B) 0.080 (4) 0.257 (5) 0.266 (2)
where the R; are defined as follows: R, = 3 (||F,| - |Fll)/ ZIFo} H(10C) 0.038 (5) 0.423 (5) 0.291 (3)
R, = [Sw(F,) - \F.)%/ Tw(F )22, Subsequent least-squares ~ H(11A)  0.100 (4) 0.417 (4) 0.957 (3)
cycles and difference Fourier maps located all nonhydrogen atoms, H(11B) 0.246 (4) 0.329 (4) 0.929 (2)
and after anisotropic refinement the discrepancy indices were R; H(11C) 0.142(4) 0.454 (4) 0.867 (2)

= 0.045 and R, = 0.063. Hydrogen atoms were then located at
all expected positions except for those of the acetate ion, but these
three were introduced at calculated positions. With inclusion of
the hydrogen atoms, the refinement proceeded to convergence
at R; = 0.033 and R, = 0.043.

(4) Bino, A.; Cotton, F. A,; Fanwick, P. E. Inorg. Chem. 1979, 18, 3558.
(5) All crystallographic computing was performed on a PDP 11/60
computer at the Molecular Structure Corp., College Station, TX, using
a modified version of the Enraf-Nonius Structure Determination Package.

¢ Estimated standard deviations in the least significant
digits are shown in parentheses.

MOQ(OQCCHa)z[O'(NMeQ)CGH4CH2]2. This compound Ccrys-
tallizes in the space group P2,/c, again with the molecule on an
inversion center and half of the molecule per asymmetric unit.
The position of the molybdenum atom was located through a
Patterson synthesis. Three cycles of isotropic least-squares re-
finement gave values of R, = 0.29 and R, = 0.38. Subsequent
least-squares cycles and difference Fourier maps located all atoms
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Figure 1. The molecular structure of the Cry(0O,CCHj),[0-
(NMe,)C¢H,CH,], molecule. The structure of the molybdenum
homologue is virtually identical and the same atom numbering
scheme applies to both molecules.

Table IV. Bond Distances (A) for the
M,(0,CCH,),[0-(NMe,)C,H,CH,], Molecules

M=Cr M= Mo
M(1)-M(1) 1.870 (1) 2.065 (1)
-0(1) 1.992 (2) 2.097 (2)
-0(2) 2.000 (2) 2.127 (2)
-N 2.217 (2) 2.355(3)
-C(3) 2,101 (3) 2.217 (4)
0O(1)-C(1) 1.261 (4) 1.265 (5)
0(2)-C(1) 1.268 (4) 1.274 (5)
N-C(9) 1.469 (3) 1.473 (4)
-C(10) 1.502 (4) 1.479 (5)
-C(11) 1.472 (4) 1.473 (5)
C(1)-C(2) 1.508 (4) 1.494 (6)
C(3)-C(4) 1.474 (4) 1.493 (6)
-H(3A) 0.83 (3) 0.87 (4)
-H(3B) 0.95 (4) 0.92 (4)
C(4)-C(5) 1.408 (4) 1.401 (5)
-C(9) 1.409 (4) 1.405 (5)
C(5)-C(6) 1.378 (5) 1.385 (7)
-H(5) 0.85 (3) 0.91 (4)
C(6)-C(7) 1.369 (6) 1.359 (8)
~-H(6) 0.80 (4) 0.86 (4)
C(7)-C(8) 1.376 (5) 1.386 (6)
-H(7) 0.98 (3) 0.82 (4)
C(8)-C(9) 1.385 (4) 1.392 (6)
-H(8) 0.88 (3) 0.85 (4)
C(10)-H(10A) 1.05(3) 0.95 (4)
-H(10B) 1.00 (4) 0.89 (5)
-H(10C) 0.97 (4) 1.00 (5)
C(11)-H(11A) 1.00 (4) 0.87 (5)
-H(11B) 0.99 (4) 0.94 (5)
-H(11C) 0.97 (4) 1.07 (4)

except for the acetate methyl hydrogen atoms. These were in-
troduced at calculated positions and their contributions included
in F, values, but they were not refined. With all hydrogen atoms
included refinement converged at R; = 0.023 and R, = 0.031.

The final atomic positional parameters for the chromium and
molybdenum compounds are listed in Tables II and III, respec-
tively. Tables of thermal vibration parameters and positional
parameters for the hydrogen atoms that were included at calcu-
lated positions but not refined are available as supplementary
material.

Results and Discussion

Figure 1 shows the molecular structure for the chromium
compound and the numbering scheme for the atoms. This
drawing will also serve to represent the molybdenum
compound since the only differences are slight changes in
some internuclear distances and the atom numbering
schemes are parallel. This is possible, even though the
crystals are different, because in each case the molecules
reside on crystallographic inversion centers. The bond

Cotton and Mott

Table V. Bond Angles (Deg) for the
M,(0,CCH,),[0-(NMe,)C,H,CH,],

M= Cr M = Mo
M(1)-M(1)-0(1) 95.45 (6)  92.75(7)
-0(2) 94,49 (7) 91.55(7)
-N 111.88 (7) 105.92 (7)
-C(3) 95.2 (1) 96.1 (1)
0(1)-M(1)-0(2) 169.97 (8) 175.62(9)
-N 89.18(9) 86.7 (1)
-C(3) 89.0 (1) 86.0 (1)
0(2)-M(1)-N 85.87 (9)  91.3(1)
-C(3 91.5 (1) 94.4 (1)
N-M(1)-C(3) 125.9 (1)  157.1(1)
M(1)-0O(1)-C(1) 113.6 (2) 117.0 (2)
M(1)-0(2)-C(1) 113.8(2)  116.4(3)
M(1)-N-C(9) 109.4 (2) 107.8(2)
-C(10) 117.4 (2) 116.2 (3)
-C(11) 99.3 (2) 99.9 (2)
C(9)-N-C(10) 109.5(3)  111.2(3)
-C(11) 113.6 (3) 114.4 (3)
C(10-N-C(11) 107.4 (3)  107.1(3)
0(1)-C(1)-0(2) 122.4 (3) 122.2 (4)
-C(2) 119.1 (3)  118.0 (4)
0(2)-C(1)-C(2) 118.5(3) 119.8 (4)
M(1)-C(3)-C(4) 118.0(2)  117.3(3)
-H(3A) 106 (2) 104 (3)
-H(3B) 106 (2) 104 (2)
C(4)-C(3)-H(3A) 112 (2) 110 (3)
-H(3B) 109 (2) 110 (3)
H(3A)-C(3)-H(3B) 105 (3) 111 (4)
C(3)-C(4)-C(5) 121.1 (3) 120.0 (4)
-C(9) 123.0(3)  124.1 (4)
C(5)-C(4)-C(9) 115.7 (3) 115.8 (4)
C(4)-C(5)-C(6) 122.5 (4) 123.0 (5)
-H(5) 119(2) 109 (3)
C(6)-C(5)-H(5) 119 (2) 127 (3)
C(5)-C(6)-C(7) 120.6 (4)  119.3(5)
-H(6) 125(3) 115 (3)
C(7)-C(6)~H(6) 114 (3) 126 (3)
C(6)-C(7)-C(8) 118.7 (4) 120.5 (5)
-H(7) 118 (2) 119 (4)
C(8)-C(7)-H(7) 124 (2) 120 (4)
C(7)-C(8)-C(9) 121.7 (4) 119.9 (5)
-H(8) 120 (2) 123 (3)
C(9)-C(8)-H(8) 119 (2) 117 (3)
N-C(9)-C(4) 117.4 (2) 119.1 (3)
-C(8) 121.8 (3)  119.6 (4)
C(4)-C(9)-C(8) 120.8 (3) 121.3 (4)
N-C(10)-H(10A) 112(2) 109 (3)
-H(10B) 107 (2) 112 (3)
-H(10C) 109 (2) 112 (3)
H(10A)-C(10)-H(10B) 111 (3) 109 (4)
-H(10C) 108 (2) 103 (4)
H(10B)-C(10)-H(10C) 110 (3) 111 (4)
N-C(11)-H(114) 116 (2) 104 (3)
-H(11B) 106 (2) 104 (3)
-H(11C) 113 (2) 110 (2)
H(11A)-C(11)-H(11B) 113 (3) 126 (4)
-H(11C)  97(3) 107 (4)
H(11B)-C(11)-H(11C) 111 (3) 106 (3)

lengths and bond angles are listed in Tables IV and V for
both compounds.

The molecular structure, common to both compounds
even though they adopt different crystal packing patterns,
is a neat and simple one, as can be clearly seen in Figure
1. The M,(0,CCHj), portion of the molecules forms a
planar unit which has D,, symmetry within the experi-
mental errors. There are no significant inequalities among
the M-0O and C-O bond lengths. On either side of this
plane the two DMAB ligands are placed so that all sym-
metry elements of Dy, are annulled except for the inversion
center. The carbon atom of each DMAB ligand is trans
to the nitrogen atom of the other one.

A ligand of the type of DMAB has a predilection to
function as a chelating ligand with the coordinated metal



Cry- and Moy(O,CCH3)y[0-(NMey)CsH,CH,], Complexes

atom lying in the mean plane of the ring and the two donor
atoms. In this configuration the substituents on each of
the donor atoms are directed away from those on the other
one. In order for the ligand-to-metal bonds to be directed
towards two separate metal atoms, as they are here, it is
necessary to rotate the Me,N and H,C groups around the
ring-N and ring-C bonds, thus giving rise to the consid-
erable dihedral angles (55.0° in the Cr compound and 57.6°
in the Mo compound) between the M,CN plane and the
CCgH,N plane. This leads also to a relatively close ap-
proach of one of the NMe, methyl groups to one of the CH,
hydrogen atoms (for M = Mo, Cr, H(3B)-H(10C) = 1.914
and 2.066 A, respectively), and it is this which tends to
disfavor the bridging role for this ligand. However, con-
trary to our initial expectation, this factor does not have
the decisive role and the bridging arrangement is adopted.
Very probably if it were not for the fact that one of the
two groups that are forced to be close together is only a
hydrogen atom, the bridging arrangement would not be
tolerable. For example, the diars ligand, 1,2-bis(di-
methylarsino)benzene, or others of that sort, presumably
could not fulfill a bridging role.

The larger dihedral angle (57.6°) mentioned above for
the molybdenum compounds as compared to that (55.0°)
for the chromium compound can be attributed to the
greater separation of the two molybdenum atoms.

An examination of the internal dimensions of the
structure does not suggest that there would be any pow-
erful steric opposition to the accommodation of four
DMARB ligands around the M,** unit, although one can,
perhaps, envision minor steric problems. Thus, one re-
mains uncertain as to why the formation of the M,-
(DMAB), molecules does not occur, even under forcing
conditions.

The fact that the two M;(0,CCH,;),(DMAB), com-
pounds are molecularly isostructural but crystallize dif-
ferently is mildly suprising but not alarming. Because of
the selectively unequal changes in certain bond lengths and
not others, the two molecules are not congruent. Thus,
the M-M distances differ by ca. 0.20 A, the various M-
ligand distances differ by only 0.10-0.14 A, and the in-
traligand distances are essentially unchanged. Also, the
different dihedral angles between the DMAB ligand plane
and the central CNMMCN plane, 55.0° in the chromium
compound and 57.6° in the molybdenum compound, could
also make a small difference in the energy of any given
packing arrangement.

For Mo,(0O,CCH;),(DMAB), it is interesting to compare
the metal-ligand bond lengths with those found in Mo,-
[0-(CH,NMe,)CgH,],, containing the ligand 1, which is
isomeric to DMAB, 2. We noted in that earlier case® that
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the difference between the Mo—C (2.18 A) and Mo-N (2.43
A) distances was remarkably large and that this seemed
to be due mainly to the fact that the Mo—N bonds were
unusually long. The present results confirm these obser-
vations. Here we find an Mo—C bond length about 0.04
A longer than in the previous case, but that can be at-
tributed to the change from an sp? carbon atom to an sp?
carbon atom. In the present case, we find an Mo—N bond
length about 0.075 A shorter than before. Even so, the
difference between the Mo—C and Mo—N distances in the
present case, 0.138 (5) A, is quite large; it may be compared
with the conventional difference in tetrahedral single-bond
radii for C and N, which is 0.07 A in the other direction.
Evidently, the amine donor bond is weak compared to the
Mo-C bond.

The structure of Cry(0O,CCHg)o(DMAB), invites com-
parison with that of Cry(0O,CCH,)(o-(¢-Bu)OCgH,),, which
is the only other dichromium compound known with a
supershort Cr—Cr bond that contains two carboxyl ligands.®
The two structures are very similar in all the dimensions
of the central portions of the molecules. Designating the
two molecules A and B in the above order for convenience,
we note that the Cr-O(acetate) distances, 1.996 (3) A in
A and 1.996 (2) A in B, are identical and the Cr-C dis-
tances, 2.101 (3) A in A and 2.064 (3) A in B, differ by an
amount that is about equal to the difference in covalent
radii for sp® and sp? carbon atoms. The Cr—Cr distance
in B, 1.862 (1) A, is scarcely different from that found here
for A, viz., 1.870 (1) A. We have here another example of
the fact that the retention of as many as two carboxylate
ligands is not incompatible with the existence of a su-
pershort Cr—Cr bond. It is also interesting that for A, even
more than for B, the axial positions do not appear to be
so severely hindered by the bridging ligands that coordi-
nation of the THF molecules available in the preparation
is sterically impossible. Instead, the indication seems to
be that the Cry(0,CCH;)o(DMAB), molecule simply has
insufficient affinity for axial ligands to attract and hold
the available THF molecules.
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A kinetic investigation of carbon monoxide exchange processes in the parent tetranuclear cobalt carbonyl
cluster, Co,(CO),,, and its monosubstituted analogues Co,(CO),,L (where L = phosphorus donor ligand)
is reported. The Co,(CO),,L derivatives were concluded to be isostructural on the basis of »(CO) infrared
and 3C NMR spectroscopy aided by X-ray structural analysis of a representative species. The carbon-
yl-exchange reactions were monitored by infrared spectroscopy in the »(CO) bridging region employing
13C.-labeled carbon monoxide, which has allowed as well for a detailed vibrational analysis of the »(CO)
stretching vibrations for the bridging carbonyl ligands. The activation parameters for CO dissociation
in Co4(CO);2 and Co,(CO),;P(OEt); were determined to be AH* = 24.9 + 1.9 and 27.5 % 3.3 kcal/mol, and
AS* = 2.9 + 5.9 and 11.0 £ 10.2 eu, respectively. Although there was no significant effect on the rate
parameters for dissociative CO substitution in the tetranuclear cluster upon replacement of CO by a ligand
of comparable spatial requirements (e.g., P(OMe); or P(OEt);), dissociative CO loss was enhanced when
the cluster substrate contained sterically more demanding ligands. A summary of comparative kinetic
results in the stepwise phosphine or phosphite substitutional processes in Co,(CO);, and Ir,(CO);, species

is included.

Introduction

Dissociation of a neutral ligand from low-valent metal
centers, thus providing a vacancy in the coordination
sphere of the metal, pervades the mechanistic literature
as a principal occurrence prior to substrate binding in
catalytic processes involving transition-metal complexes.!
Kinetic investigations of representative metal complexes
furnish vital information pertinent to an understanding
of the influences of the various steric and electronic factors
which govern ligand-substitution processes. To date much
is known concerning these substitution processes in low-
valent mononuclear metal carbonyl derivatives, including
the reactivity of and ligand mobility in the unsaturated
intermediates afforded en route to product formation.?

On the other hand our knowledge of the similar intri-
cacies pertaining to ligand-substitution processes in metal
clusters, the homogeneous role models for metal surfaces
in both chemisorption and catalytic processes,® is just
beginning to emerge. Indeed it would be fair to charac-
terize detailed kinetic investigation in metal-cluster
chemistry as a rather untested area of chemical research.
These comments are not intended to detract from the
many fine contributions which are presently in the chem-
ical literature,° but their purpose is to emphasize the

(1) Henrici-Olivé, G.; Olivé, S. “Coordination and Catalysis”; Verlag
Chemie: New York, 1977.

(2) A short listing of some of the published work in this area includes
the following: (a) Angelici, R. J. Organomet. Chem. Rev. 1968, 3, 173. (b)
Werner, H. Angew. Chem., Int. Ed. Engl. 1968, 7, 930. (c¢) Brown, D. A.
Inorg. Chim. Acta Rev. 1967, 1, 35. (d) Hyde, C. L.; Darensbourg, D. J.
Inorg. Chem. 1978, 12, 1286. (e) Dobson, G. R. Acc. Chem. Res. 1976, 9,
300. (f) Lichtenberger, D. L.; Brown, T. L. J. Am. Chem. Soc. 1978, 100,
366, and other members of this series of papers. (g) Kelly, J. M.; Her-
mann, H.; Koerner, von Gustorf, E. J. Chem. Soc., Chem. Commun. 1973,
106. (h) Darensbourg, D. J.; Graves, A. H. Inorg. Chem. 1979, 18, 1257.
(i) Dobson, G. R. Inorg. Chem. 1980, 19, 1413.

(3) Muetterties, E. L. Bull. Soc. Chim. Belg. 1975, 84, 959.

(4) Muetterties, E. L. Bull. Soc. Chim. Belg. 1976, 85, 451.

(5) Muetterties, E. L. Science (Washington, D.C.) 1977, 196, 839.
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importance of continuing vigorous efforts in these direc-
tions.

Our attentions have been centered on displacement re-
actions involving dissociative loss of carbon monoxide and
phosphorus donor ligands in tetranuclear metal carbonyl
cluster derivatives of the group 8 metals, Co, Rh, and Ir.710
Special emphasis has been placed on discernment of steric
effects attributable to prior substitution by phosphorus
donor ligands on subsequent ligand-substitution processes.
Herein we report the kinetic and activation parameters for
13CO exchange reactions with the parent dodecacarbonyl,
Co,(CO)g(u-CO); (eq 1).2 These observations are employed

Co4(CO);5 + n1BCO = Coy(CO);,,(13CO), + n'2CO (1)

as a basis for comparison with analogous data in mono-
substituted derivatives, Co,(CO)g(u-CO);L, where L is a
phosphine or phosphite ligand of varying steric and elec-
tronic character (eq 2). This methodology (i.e., mea-

Co4(CO), L + n3CO = Coy(CO);;-,(13CO),L + n'2CO
(2

surement of 3CO exchange rates) minimizes the incoming
ligand’s associative term which often prevails in the rate
expression for ligand-substitution processes where L is the
entering ligand.?»4¢ Hence, more accurate evaluation of
the dissociative CO rate parameters is achievable.

(6) Some of the published reports dealing with this subject from other
laboratories include the following: (a) Karel, K. J.; Norton, J. R. J. Am.
Chem. Soc. 1974, 96, 6812, (b) Malik, S. K.; Poé, A. Inorg. Chem. 1978,
17, 1484. (c) Bor, G.; Dietler, U. K.; Pino, P.; Poé, A. J. Organomet.
Chem. 1978, 154, 301. (d) Sonnenberger, D.; Atwood, J. D. Inorg. Chem.
1981, 20, 3243. (e) Candlin, J. P.; Shortland, A. C. J. Organomet. Chem.
1969, 16, 289, (f) Malik, S. K.; Poé, A. Inorg. Chem. 1979, 18, 1241, (g)
Stuntz, G. F.; Shapley, J. R. J. Organomet. Chem. 1981, 213, 389.

(7) Darensbourg, D. J.; Incorvia, M. J. J. Organomet. Chem. 1979, 171,
89.
(8) Darensbourg, D. J.; Incorvia, M. J. Inorg. Chem. 1980, 19, 2585.
(9) Darensbourg, D. J.; Incorvia, M. J. Inorg. Chem. 1981, 20, 1911.
(10) Darensbourg, D. J.; Baldwin-Zuschke, B. J. Inorg. Chem., in press.
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Experimental Section

Co4(C0),2 and all phosphorus donor ligands were obtained from
Strem Chemicals, Inc., and were used without further purification.
Hexane and heptane were distilled over sodium under a nitrogen
atmosphere. Carbon monoxide (93.3 atom % *CO) was obtained
from Prochem, B.0.C. Ltd., London.

Preparation of Co,(CO),;L Compounds. The monosub-
stituted cobalt cluster carbonyls Co,CO)y;L (L = (MeQ);P,
(EtO)3P, (0-CH4CgH,0);P, PEt;, and AsPhg) were all prepared
in a completely analogous manner.'! Reactions were carried out
with Schlenkware under an inert atmosphere.

An equimolar mixture (2 mmol) of Co,(CO),, and ligand was
stirred at ambient temperature in 75 mL of hexane for 4-5 h, at
which point the solution was reduced to approximately 3—4 mL.
The sample was then chromatographed by using flash chroma-
tography to remove any unreacted Co,(CO)y, utilizing nitrogen
pressure.’? This procedure drastically reduces the amount of
time the sample spends on the column, as the entire separation
could be accomplished in approximately 10 min. The column (40
cm X 20 mm) was packed with silica gel (60-200 mesh) by using
a hexane slurry. Eluting the sample with hexane removed the
unreacted Co (CO),4, and the desired product was obtained by
eluting with a 20% (v/v) toluene-hexane solvent mixture.

Preparation of 3CO-Enriched Co,(CO),;L Compounds.
Samples of Co,(CO)y;-n(**CO),L for ¥C NMR investigations were
synthesized and purified as described above from enriched
Co4(CO);; (prepared from Co,(CO);; under an atmosphere of *CO
at 40 °C for 24 h). Alternatively, *CO incorporation was achieved
by direct CO exchange with Co (CO);L at 40 °C for ~1 day,
followed by purification by column chromatography. This latter
procedure is not applicable for the *CO enrichment of Co,(CO),;L
derivatives where L is a labile ligand (e.g., L = PPh, or AsPh,).

Kinetic Measurements of 1°CO-Exchange Reactions. A
100-ml Schlenk flask, containing the preweighed sample, was fitted
with a rubber septum secured by copper wire and was evacuated
under vacuum. The flask was then equilibrated in a constant-
temperature bath, and an atmosphere (760 torr) of 3CO (93.3 atom
% 13C) was introduced into it. Heptane (15 mL, distilled over
sodium) was then syringed into the flask. The reaction flask was
agitated to effect sample dissolution (~15 s), and the timer was
started immediately thereafter. Samples (~0.7 mL) were with-
drawn at noted time intervals with a hypodermic syringe for
infrared analysis.

Infrared Measurements and Vibrational Analysis. The
infrared spectra were recorded in 1.0-mm matched NaCl sealed
cells on a Perkin-Elmer 283B spectrophotometer equipped with
an Infrared Data Station. Spectra recorded for the *CO-exchange
reactions were the average of four (added repetitively) scanned
spectra employing the PECDs software package provided by
Perkin-Elmer. The spectra were calibrated against a water-vapor
specltrum below 2000 cm™ and against a CO spectrum above 2000
cmt,

Initial CO stretching force constants for the bridging CO region
in the Co,(CO)y,L derivatives were obtained by altering the pa-
rameters computed for the parent, Co,(CO),, species.® That is,
both Fo values in Co,(CO),;L were slightly lowered relative to
that in Co,(CO),,, with the Fo parameter corresponding to the
two CO groups bridging the cobalt atom bearing the unique
substituent being lowered to the greater extent. The trial force
constants were refined by use of the *CO frequency data and an
iterative computer program that adjusts a set of force constants
common to a group of isotopically substituted molecules to give
simultaneously a least-squares fit between the observed and
calculated frequencies for all the molecules. The trial force
constants were refined to reproduce the observed 12CO and 3CO
vibrations to within an average of <0.8 cm™.

13C NMR Measurements. The 3C NMR spectra were re-
corded on a JEOL FX60 operated at 15.03 MHz with an internal
deuterium lock. Samples were run in either CDCl; or CD,Cl,
solvents in 10-mm tubes. Spectra were determined by employing
a sweep width of 4000 Hz (16K data block) with an acquisition

(11) This is a modification of that previously reported: Cetini, G.;
Gambino, O.; Rossetti, R.; Stanghellini, P, L. Inorg. Chem. 1968, 7, 609.
(12) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.
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Figure 1. Perspective ORTEP drawing of the Co,(CO);[PPhj;]
molecule (taken from ref 9).

e

2100 2000 1800 1800¢m’

Figure 2. Infrared spectra in »(CO) region in heptane solution.
(A) Co,(CO)P(OEL);; (B) Co4(CO)1PPhy; (C) Col(CO)y PEL;.

time of 2 s, a pulse repetition rate of 5 s, and a flip angle of 30°.

Results and Discussion
The salient features of the solid-state structure of
Co,(CO),,PPh; are reiterated in Figure 1, where the tri-
phenylphosphine ligand is seen to occupy an axial coor-
dination site in the tetranuclear cluster.® The solution
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Figure 3. °C FT NMR spectrum of Co,(CO),;PPh; in CDCl;
at —45 °C and ambient temperature.

Table I. '3C Chemical Shifts (Ppm) in CO,(CO),,L

L
PPh,¢ PEt,®  P(OMe),* cod
bridging 249.8 249.2 248.2 '
245.8 245.7 245.6 243.1
equatorial 202.1 201.3 198.0
201.0 199.7 197.2
axial 197.1 196.7 196.1 195.9
apical 195.9 : 193.7 191.9

a ?ectrum determined in CDCI, at —45 °C (see Figure 3
3) Spectrum determined in CD,Cl, at —69 °C. € Taken
fromref 13. ¢ Taken from: Evans, J.;Johnson, B. F. G.;
Lewis, J.; Matheson, T. W. J. Am. Chem. Soc. 1975, 97,
1245.

structure of this derivative, as evinced by »(CO) infrared
and 3C NMR spectroscopy, is consistent with this for-
mulation (see Figure 2B and 3). Brown and co-workers!3
have reported the low-temperature 3C NMR spectrum for
Co,(C0O),;P(OMe); which displays a very close resemblance
to that noted here for the PPhy analogue (Table I). The
most distinguishing feature in both these spectra lies in
the bridging CO region (most downfield peaks) where two
carbon resonances in relative intensity ratio 1:2 are ob-
served, with the two bridging CO groups bonded to the
basal cobalt atom bearing the phosphorus ligand being
more downfield as anticipated.* Assignment of the ter-
minal carbon resonances are on a more tenuous basis.
Quadrupole broadening by the ®Co nucleus prohibits the
observation of 3C-P coupling in the 3C NMR spectra of
these derivatives. If we assume the generally observed
trend of an upfield shift of carbonyl carbon peaks with
decreasing metal-carbon interaction, as revealed by the
M-C bond distances, the peak assignments are as listed

Darensbourg, Peterson, and Schmidt

Table II. Infrared Spectra in the »(CO) Region
of Co,(CO),,L Derivatives® '

L v(CO), em™!
PEt, 2086, 2040, 2030, 20086,
1996, 1885, 1856, 1836
PPh, 2084, 2044, 2039, 2029,

2006, 1993, 1881, 1854, 1835

AsPh, 2085, 2046, 2041, 2031,

2007, 1995, 1881, 1853, 1834
P(OMe), 2091, 2051, 2046, 2032, -

2017, 20083, 1889, 1858, 1843
P(OEt), 2089, 2048, 2044, 2030,

2013, 2001, 1887, 1857, 1841
P(Otolyl), 2090, 2049, 2042, 2033

2011, 2002, 1885, 1856, 1844

% Measured in heptane solution, accurate to +2 em™.

Table III. Rate Data for CO-Exchange Processes
in Co,(CO),,L Species®

L temp, °C kX 104, 510

Cco 40.0
43.0
45.0
45.0
52.0
56.0
56.0

P(OEY), 232
40.0 -
45.0
50.0

PEt, 35.0 + 0.6
40.0 15.6 £ 0.62

% Determined in heptane solution under an atmosphere
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" of 3CO. ° Error limits for rate constants represent 95%

confidence limits.

in Table I. This designation is congruous with that made
by Stuntz and Shapley'® for Ir,(CO),;PPh,Me.

Table II contains the »(CO) spectra for a series of
Coy(CO)y,L derivatives where L is varied over a wide range
of donor/acceptor ratios,'6 and Figure 2 further illustrates
the great deal of conformity evident in these spectra.
Hence, the spectral data strongly suggest that all the
Co,(CO);L species are isostructural, with the lowest energy
isomer being that in which the unique ligand (L) resides
at an axial location. Therefore, variations in the reactivity
of these Co,(CO),;L derivatives may be ascribed only to
changes in the electronic and/or steric character of the
ligand (L), and not to structural variations in the clusters.

We have previously reported a rough estimate for the
rate of CO dissociation in the parent Co,(CO),; species as
determined by 2CO incorporation at ambient tempera-
ture.? It is of utmost importance to more accurately
quantify the rate parameters associated with dissociative
CO loss in the dodecacarbonyl derivative in order to make
meaningful comparisons with the corresponding values
obtained as a function of substitution with electron-donor
ligands at the metal centers. Table III lists the rate con-
stants for 13CO exchange with the substrate Co,(CO),, as
a function of temperature. These rate constants were
measured by employing the »(CO) vibrational modes in the
bridging CO region as described in our previous publica-
tion® and were calculated by assuming three dissociative
CO ligands in Co,(CO);,.1" This procedure is based on

(13) Cohen, M. A.; Kidd, D. R.; Brown, T. L. J. Am. Chem. Soc. 1975,
97, 4408.
(14) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974, 77, 1.

(15) Stuntz, G. F.; Shapley, J. R. J. Am. Chem. Soc. 1977, 99, 607.
(16) Bodner, G. M.; May, M. P.; McKinney, L. E. Inorg. Chem. 1980,
19, 1951,
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Figure 4. Time-dependent infrared spectra in the »(CO) bridging
region for the exchange reaction between Co,(CO),,P(OEt); and
13CO at 40 °C. (A) Spectrum after 5 min; (B) Spectrum after
52 min; (C) Spectrum after 119 min; (D) Spectrum after 185
min; (E) Spectrum at “infinity” reading.

the fact that intramolecular CO rearrangement is fast
relative to the CO dissociation process. No observable
variations in the rate of 13C incorporation were noted for
CO pressures ranging from 380 to 1140 torr.

Reaction 3 has been demonstrated to be strongly de-
pendent on the nature of the incoming ligand (L), with
measurable rates by conventional techniques being possible
only when L is isotopically labeled carbon monoxide.?

Co4(CO);, + L — Co4(CO); L + CO 3)

Similar ¥CO exchange rate data were determined in the
monosubstituted Co,(CO)y,L species. This procedure of
obtaining rate data for CO dissociation eliminates the
incoming ligand’s associative term which is often dominant
in the rate expression for ligand-substitution processes.

The infrared traces in the »(CO) bridging region ob-
served during the incorporation of *CO into Co,(CO),P-
(OEt), are depicted in Figure 4. For the Co,(CO),; com-
plex it has previously been demonstrated that the inter-
action force constants between terminal and bridging CO
groups may be considered as being zero.>'® By using this
assumption in the Co,(CO),L derivatives, it should be
possible to analyze their spectra in the »(CO) bridging

(17) Because of the accuracy with which these parameters are mea-
sured, no correction for the fact that 93.3 atom % '*C-labeled carbon
monoxide was employed in these investigations.

(18) Bor, G.; Sbrignadello, G.; Noack, K. Helv. Chim. Acta 1975, 58,
815.
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Figure 5. Possible isotopic species involving the bridging CO
ligands in Co,(CO),,L.

Table IV. Calculated and Observed CO Stretching
Frequencies in the Bridging Region of Co,(CO),,P(OEt),?

»(CO), em™
molecule obsd? caled® symmetry
all-'*CO, 1 1879.4 1879.3 A’
1849.7 1849.0 A’
1834.3 1835.0 A"
mono-'*COQ, 2 1878.8 A
1843.0 1843.3 A
1801.3 1800.2 A
mono-*CO, 3 1853.1 A’
1833.4 1833.4 A’
1835.0 A"
di-*CO, 4 1846.9 A
1833.4 1833.6 A
1800.0 A
di-**CO, 5 1878.3 A’
1808.2 1808.8 A’
1798.8 1794.1 A"
all-*Co, 6 1838.3 1837.4 A’
1807.4 1807.9 A’
1794.6 1794.1 A"

@ Spectra were recorded in heptane solution. ? The ob-
served frequencies are accurate to :+1.0 cm™. € The CO
stretching force field arrived at in this computation is
summarized in Table VI. Average error in calculated fre-
quencies = 0.5 em™! or 0.029%.

Table V. Calculated and Observed CO Stretching
Frequencies in the Bridging Region of Co,(CO),,PEt ?

v»(CO), em™*
molecule obsd? caled® symmetry
all-2CO, 1 1876.6 1872.8 A
1848.4 1848.6 A’
1827.2 1827.6 A"
mono-*CO, 2 1868.8 A
1841.8 1842.7 A
1796.2 1796.5 A
mono-'*CO, 3 1862.8 1861.8 A
1819.6 1818.1 A'
1827.6 A
di-1*CO, 4 1851.7 A
1819.6 1819.0 A
1796.2 1795.8 A
di-**CO, 5 1865.8 A
1814.1 1814.2 A’
1787.4 . 1786.9 A"
all-*CoO, 6 1831.1 A'
1806.9 1807.4 A’
1787.4 1786.9 A

@ Spectra were recorded in heptane solution. ? The ob-
served frequencies are accurate to £1.0 cm™. ¢ The CO
stretching force field arrived at in this computation is
summarized in Table VI. Average error in calculated fre-
quencies = 0.8 cm™ or 0.044%.

region (Figure 4) in terms of progressive formation of only
five 13CO-substituted cluster fragments in addition to the
starting all-'2CO species (see Figure 5). This is indeed
found to be the case, for the spectral band assignments
compiled in Tables IV and V were computed by employing
a restricted CO force field involving only the bridging CO
ligands. Table VI lists comparative CO stretching force
constants for the bridging: CO groups in Co,(CO),,L species
where L varies in donor/acceptor ratio from that of PEt,
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Table VI. Comparative Bridging CO Stretching Force
Constants in Co,(CO),,L Derivatives

force constant, mdyn/A®

Fcoco Feoco

L Feo(l) Feo(2) (1) (2)
Cco 14.23, 0.17,
P(OEt),  18.71, 14.23,  0.07, 0.11,
PEt, 13,71,  14.01, 0.12,  0.22,

@ Fco (1) (bridging to Co atom bearing L) and Fgo,co
(1) (both interacting CO groups bound to Co atom bearing
L).

6 300

Time.min.

Figure 6. First-order rate plot for the disapg)earance of substrate
for the reaction of Co,(CO);;P(OEt); with 1°CO in heptane at 40
°C. kopeq = 7.49 X 10° 57, which when multiplied by 9 and divided
by 2 affords & = 3.37 X 10~ s7.. Because reactions were monitored
in the »(CO) bridging region, and hence incorporation of 3CO
at the eight terminal CO positions goes unnoticed, the kg must
be multiplied by the factor 9, i.e., there are nine positions which
among the single incoming CO ligand may distribute itself.
Division of k. by the factor 2 arises from the assumption that
there is selective dissociation of one of the two axial CO groups.

to CO. As is apparent in Table VI these vibrational pa-
rameters indicate some increase in electron density, which
is passed on to the CO groups, at the metal atom bearing
the phosphine substituent. On the other hand, the car-
bonyl ligand bridging unsubstituted cobalt atoms appears
to be unaffected. A similar conclusion can be reached from
13C NMR data, where the CO group bridging unsubstituted
cobalt atoms has a carbon resonance resembling that of
the bridging CO groups in Co,(CO);,.1

Table III presents the kinetic parameters for CO-ex-
change processes in the monosubstituted Co,(CO);L de-
rivatives, where L = P(OEt); and PEt;. The rate constants
were calculated by assuming two dissociative CO ligands
in Co,(CO);;L. Figures 6 and 7 contain representative
plots of the data employed in computing rate constants
and activation parameters for dissociative CO loss in these
cobalt cluster species. Comparative rate constants and
activation parameters for the system investigated herein,
as well as those previously reported,”® are collected in
Table VII. Attempts at measuring the rate of *CO in-
corporation into the PPh; and AsPh; analogues were
hampered by the more facile reaction involving donor-
ligand replacement (eq 4), where the AsPh; ligand was
observed to dissociate more rapidly than PPhs.

C04(CO)11L + 13CO - C04(CO)11(1300) + L (4)

At high pressures of carbon monoxide, declusterification
of Co,(CO)y, to afford Coy(CO)g is proposed to proceed via
a mechanism involving Co,(CO),3, which is formed by the
breaking of one Co—Co bond with concomitant formation

Darensbourg, Peterson, and Schmidt
9.0+ /
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Figure 7. Arrhenius plot of —In k& vs. 1/ T for the CO exchange
reaction of Co,(CO),;P(OEt); with 3CO in heptane.

Table VII. Comparative Rate and Activation Parameters
for Carbon Monoxide Displacement in Co,(CO),, L

cone

an-

gle,®

L deg  10%,s!? AH*¢ AS*¢

P(OMe),¢ 107 2.03(1.00) 26.8:1.0 8.2:3.5
Cco ~95 3.27(1.61) 249:19 29:5.9
P(OEt), 109 3.37(1.66) 27.5:3.3 11.0z 10.2
PEt, 132 15.6 (7.68) e e
P(OMe),f 107 4.77(2.35) 27.1:1.1 10.7x3.7

¢ Taken from: Tolman, C. A, Chem. Rev. 1977, 77,
313. P Relative rate data are listed in parentheses. Reac-
tions were carried out at 40.0 °C. ¢ Error limits for acti-
vation parameters represent 95% confidence limits.

d Taken from ref 8 where the incoming ligand employed
was PPh,. € These parameters were not measured in this
instance.  Taken from ref 8 for CO displacement in
Co,(CO),,[P(OMe), ], where P(OMe), was the incoming
ligand employed.

of a Co—CO bond and a repositioning of one bridging CO
ligand.® In this connection it is noteworthy that the ki-
netic parameters, coupled with the absence of dimer pro-
duction under the mild temperature and CO pressure of
this study, strongly argue against the formation of an in-
termediate or transition state of this type for these CO-
exchange reactions. That is, CO exchange is a lower energy
process than declusterification (as shown, e.g., in eq 5
where rate, > rate,).

Co,(CO),, + nHCO Tz
C0,(CO)1,..,(BCO), + n2CO ——ts Coy(CO)g (5)

A slightly revised relative order of reactivity for disso-
ciative CO substitutional processes in Co,(CO),, with
progressive substitution of P(OMe); is provided in Table
VII and eq 6. These data dramatically illustrate the

Coy(CO)1; — Co,(CO);;P(OMe); ——
004(00)10[P(0Me)3]2 -EE" CO4(CO)9[P(OM3)3]3 (6)

absence of an effect on the rate parameters for CO loss in
the Co, cluster with successive replacement of CO by the
small, good 7-acceptor P(OMe); ligand. However, there
is a small, yet significant, increase in the rate of dissociative
CO loss as L is altered in the Co,(CO);L derivatives, in-
creasing in the order P(OMe); < P(OEt); < PEt;. Un-
fortunately, our efforts to extend these investigations to
sterically more demanding ligands, e.g., PPhj, was pro-
hibited by the ready loss of the ligand L. More extensive
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studies of the rate of dissociative CO loss in Ir, cluster
species as a function of the phosphorus donor ligand in-
dicate the spatial requirements of these ligands to be a
major consideration in determining these rates.'®!® Sim-
ilar, more pronounced, arguments should apply in the Co,
systems reported upon herein and are indeed consistent
with the rate constant vs. cone-angle data summarized in
Table VII.20

If steric acceleration is a governing factor in the en-
hancement of the rate of CO loss as the size of the phos-
phorus donor ligand increases in these Co,(CO),,L deriv-
atives, then the coordination site of the CO group which
is dissociated must be in rather close proximity to the
phosphorus ligand. Crystallographically defined models
reveal this to be either the equatorial CO group on the
phosphorus-bearing cobalt atom or one of the two axial
CO groups.2! X-ray structural results show these latter
CO groups to be slightly more weakly bound than the
equatorial CO ligand of the Co—P moiety,? hence making
them more likely candidates for dissociation. Nevertheless,
CO loss at the metal center which bears the phosphorus
donor ligand with a concomitant facile CO migration
leading to unsaturation at an adjacent metal site cannot
be ruled out.2# Unfortunately, because of intramolecular
ligand rearrangements in the substrate molecule, which

(19) Darenshourg D. J.; Baldwin-Zusche, B. J. “Abstracts of Papers”,
181st National Meeting of the American Chemical Society, Atlanta, GA,
March 1981; American Chemical Society: Washington, D.C., 1981; INOR
190.

(20) As evident in Table VII the rates of CO dissociation in the closely
related Co,(CO);L derivatives, where L, = P(OMe); and P(OEt),, are
quite similar. An important difference, however, is that the incoming
ligand was PPh;, for the Co,(CO),;P(OMe); rate study and 3CO for the
corresponding Co,(CO),,P(OEt); investigation. These observations would
support the conclusion that the measured rate constants are dissociative
in character. It also argues strongly against a mechanism involving
phosphorus ligand dissociation (eq 4) followed by rapid intramolecular
rearrangement of the incorporated *CO and replacement of CO by the
phosphorus ligand via the reverse of eq 4.

(21) This is the assumption employed in the derivation of the specific
rate constants as computed from kp.q (see Table III).

(22) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.

(23) Darensbourg, M. Y.; Atwood, J. L.; Burch, R. R,, Jr.; Hunter, W.
E.; Walker, N. J. Am. Chem. Soc. 1979, 101, 2631.

(24) Darensbourg, D. J.; Burch, R. R, Jr.; Darensbourg, M. Y. Inorg.
Chem. 1978, 17, 2677.
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occur on a time scale faster than dissociative ligand loss,
definitive answers to questions of this type will go unre-
solved.

In light of the prominence of steric effects in substitu-
tional processes in metal carbonyl clusters, a consideration
of importanee in any general discussion of progressive rate
enhancement for dissociative CO loss with ligand substi-
tution must take account of structural differences. For
example, in the cobalt complex containing the small tri-
methyl phosphite ligands, Co,(CO),,[P(OMe);],, the two
phosphite ligands occupy axial sites? whereas in Ir,-
(CO),c[PPhy], and Rh,(CO);,[PPhg], the phosphine ligands
are found in both axial and equatorial positions,?52 ap-
parently as a result of spatial requirements.

The enormous rate acceleration for CO dissociation
observed during the stepwise phosphine substitution of
Ir,(CO),, to give Ir,(CO)y[PPh,]; is often regarded as being
supportive evidence that electronic interactions can be
transmitted from neighboring metal atoms to the active
catalytic center in a cluster. Such a conclusion is arrived
at by neglecting steric factors. Indeed, our work,%%" as well
as that of others,?® demonstrates that this observation is
not a general one for a wide range of phosphorus donor
ligands. It is our contention that a sizable contribution
to the rate acceleration for stepwise substitution in the Ir,
system arises from sterically induced dissociation.
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Reaction of tert-butyllithium with 3,3’,4,4'-tetramethyl-1,1’-diphosphaferrocene (1) affords the 1-tert-butyl
P anion 2a which reacts in situ with acyl chlorides to give the corresponding stable 1-tert-butyl-1-acyl-
1,1’-diphosphaferrocenes 4 (acyl = MeCO) and 5 (acyl = PhCO). The X-ray crystal structure analysis of
5 shows that the pentavalent phosphorus atom is not bonded to iron and that these A3\5-diphosphaferrocenes
are better represented as (n°-phospholyl)(n*-phospholium)iron zwitterions. The rather short Fe--A5-P distance
(2.565 A) nevertheless indicates a strong through-space interaction which seems to be responsible for the
unusual stability of these species. Pyrolysis of 5 under vacuum at 170 °C affords diphosphaferrocene 1,
1-tert-butylphosphole 7, probably through a migration of the benzoyl group from phosphorus to iron, and
1’-phenyl-1-phosphaferrocene 8, by a mechanism certainly related to a phosphole to cyclopentadiene

conversion described earlier.

Following their discovery in 1978, improved synthetic
procedures have increased the availability of 1,1’-diphos-
phaferrocenes. The 3,3',4,4"-tetramethyl derivative 1 is now
available on a kilogram scale. This has allowed us to
launch a thorough investigation of their chemistry which
has revealed many unique features for compounds of this
type. Thus, they are acylated,? formylated,® and carbox-
ylated to the ring carbons through electrophilic substitu-
tions in strict analogy to ferrocenes. On the contrary,
reactive alkyl halides liberate the phosphole rings through
alkylation at phosphorus.* Similarly, their phosphorus
lone pairs behave as donors and will coordinate to an ad-
ditional metal center.* In another vein, preliminary
electrochemical studies® have shown that 1,1’-diphospha-
ferrocenes are reversibly oxidized to 1,1’-diphosphaferri-
cinium ions less readily than ferrocenes. Finally, in a
previous paper,® we demonstrated that alkyllithjums at-
tacked these species at phosphorus to give monoanions
such as 2, but we were unable to isolate the expected
N3 \5-diphosphaferrocenes 3 by alkylation of 2. The search
for stable species such as 3 is the subject of this paper.

Me Me Me Me Me Me Me Me
P P P P
1 |
R
2a, R = t-Bu
Me Me Me Me
Z ( éﬁ Fe% ) :
P /P\
R R
3

(1) (a) Laboratoire CNRS-SNPE. (b) Institut Le Bel.

(2) G. De Lauzon, F. Mathey, and M. Simalty, J. Organomet. Chem.,
156, C33 (1978).

(3) G. De Lauzon, B. Deschamps, J. Fischer, F. Mathey, and A.
Mitschler, J. Am. Chem. Soc., 102, 994 (1980).

(4) G. De Lauzon, B. Deschamps, and F. Mathey, Nouv. J. Chim., 4,
683 (1980).

(5) P. Tordo, personal communication.

(6) B. Deschamps, J. Fischer, F. Mathey, and A. Mitschler, Inorg.
Chem., 20, 3252 (1981).

Results and Discussion

Synthesis. In our preliminary experiments we reacted
2a with methyl iodide and benzyl bromide. In both cases,
after the usual workup, we recovered the starting di-
phosphaferrocene 1 because of spontaneous reductive
elimination of the two alkyl groups on the A®-phosphorus
of 3. Similar reductive eliminations from A\%-phosphorus
have been previously reported for A5-phosphorins’ but only
at high temperature (22300 °C). We then sought to im-
prove the stability of the desired A3,\>-diphosphaferrocenes
by replacing the alkyl P substituents by other groups.
Thus, we discovered that the reaction of 2a with acetyl and
benzoy! chlorides afforded the stable compounds 4 and 5
which were purified by column chromatography on silica
gel. We attributed to them a partly zwitterionic structure

1

CHsl or PhCHpBr
Me Me Me Me

1 7 - BuLi 2a CH3COCI Fe %
2 f g +

P
PhCOCI CH3CO/ \rBu

4 (50-60%)
Me Me Me Me

PhCO’ tBu
5 (40-50%)

on the basis of the X-ray crystal structure analysis of 5
(vide infra). These compounds show numerous interesting
spectral features. First, their mass spectra indicate a
tendency to loose the AS-P substituents, producing the
starting diphosphaferrocene 1. Indeed, in both cases the
m/e 278 peak (1) is the base peak. It also seems quite clear
that the main decomposition path involves the primary
departure of the tert-butyl group in both cases. Accord-
ingly, the structure of 5 shows that the ¢-Bu-P bond is

(7) G. Markl, Phosphorus Sulfur, 3, 77 (1977).
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longer and weaker (1.876 A) than the PhCO-P bond (1.858
A). The 'H NMR spectra also give some insight into the
electronic structure of these compounds. Indeed, the
tert-butyl groups of 4 and 5 are very shielded: 4, 6(t-Bu)
0.70 (CDCly); 5 8(¢t-Bu) 0.72 (CD,Cly). These values can
be compared to that recorded for a normal phospholium
salt such as 6: 6(¢-Bu) 1.38 (CDCly). This shielding seems
to indicate the presence of a direct through-space inter-
action between Fe~ and P*-t-Bu, partly “neutralizing” the
positive charge on phosphorus. Consistent with this sug-
gestion, it should be stressed that the A*-phosphorus of 4
and 5 resonates at high field but in the low part of the
range normally associated with the pentacoordinate
species: —2.4 ppm (CDCly) for 4 and -8.5 ppm (C¢Dg) for
5 vs. +50.3 ppm (CDCly) for 6.

Another curious feature has been noted for the tH NMR
spectrum of 5. Whereas the ¢-Bu signal appears as one
sharp doublet, all other methyl or CH groups of the
phosphole rings give rise to two equal and independent
signals (we have checked that this is not due to J(H-P)
couplings). This doubling does not occur in the spectrum
of 4. The X-ray crystal structure of 5 gives a clue for
explaining this phenomenon. Indeed, the phenyl ring of
the benzoyl group crosses the plane of the A3-phospholyl
moiety, and the distance between the A3-phosphorus (P;)
and the plane of the phenyl (PL,) is very short (0.60 A).
Thus the rotation of the A5-phospholyl ring about the ring
Fe vector is very probably hindered, with P, only oscil-
lating between the verticals of C; and P; (see Figure 1) due
to P, and Me—C, interactions with the phenyl ring. Thus
the two sides of both phosphole rings become inequivalent
and the A3-phospholyl C,H is very shielded: 6(C,H in 5)
2.85 vs. 8 3.01 (C,H in 5), 3.31 (A3-phospholyl CH in 4), and
3.71 (CH in 1). The short distance between P; and PL,
also explains why it is impossible to attack the second
phosphorus atom of 5§ even with a great excess of tert-
butyllithium and benzoyl chloride to obtain a product
similar to 11 which was described in our previous paper®
when using Mel instead of PhCOCI]. Finally it must be
noted that, in the *C NMR spectra, the carbonyl carbons
of 4 and 5 appear in the normal region with a very strong
IJ(C-P) coupling similar to what was noted in acyl-
phosphonium zwitterions.® 8(CO in 4) 186.2 (J(C-P) =
90.3 Hz (CDCly), 6(CO in 5) 175.2 ({J(C-P) = 100.4 Hz
(C¢De)).

In view of the mass spectral data of 5, we wanted to
determine if 5 would regenerate 1 upon pyrolysis. At 170
°C under vacuum, 5 decomposed and indeed gave some
A3,A3-diphosphaferrocene 1 but also yielded two other
unexpected products 7 and 8. The structure of 7 was

5 mew 1+ /P\ . @-é%@f
P
|

established by comparing its 'H and 3P NMR spectra with
those of an authenticated sample® and by converting it into

(8) R. Appel and M. Montenarh, Chem. Ber., 110, 2368 (1977).
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its P sulfide which was analyzed (correct melting point and
'H NMR spectrum). The mechanism for the formation
of 7 probably includes a migration of the benzoyl group
from phosphorus to iron followed by the decomplexation
of the tervalent phosphole.

The structure of 8 was established by mass, 'H NMR,
and 3P NMR spectroscopy. Since 8 was not very stable,
it was difficult to obtain a perfectly correct C, H, Fe, and
P analysis as with other monophosphaferrocenes. Nev-
ertheless, the experimental ratio Fe/P was found to be
1.01. Moreover, in the mass spectrum (70 eV, 80 °C), the
molecular peak (m/e 336) was also the base peak as usual
for these species.’® No other peak exceeded a 6% inten-
sity. The °IP spectrum (CDCl;) showed a very shielded
phosphorus at §(*'P(8)) -75 as expected. The 'H NMR
spectrum was also in perfect agreement with the proposed
formula. Although 8 was only obtained in 13% yield, the
two-step conversion of a diphosphaferrocene into a mon-
ophosphaferrocene (1 — 5 — 8) remains noteworthy. The
mechanism for this pyrolysis is certainly complicated, but
previous work in our laboratory throws some light on this
problem. Indeed, we have established the sequence shown
in eq 1.1! There is an obvious relationship between this

Me Me Me Me
Me
= [ = =
P AN P

] PhCO R o& ~
R

Me Me Me
Me _ | {
@Ph e R—P—CH;—C=C—CH;—C~Ph =
b0 0” Sow 'o'

& R

Me Me
RP{O}MOH)2 + (1)

Ph

sequence which converts an a