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The reaction of [Cp(CO);M]; (Cp’ = °-C;Me;; M = Mo, W) with elemental sulfur results in the formation
of three different isomers of Cp’,M,S, as well as a carbonyl-containing complex, Cp’y(CO);W,S;. Distribution
of the reaction products depends on the reaction conditions. The structures of Cp’;Mo,(u-S,) (u-S), and
Cp’5(C0),W,S; have been established by X-ray crystallography. Cp’;Moy(i-S,)(u-S), contains three bridging
sulfur ligands, one of which representing a u-S, group. Cp’5(C0O);W,S; consists of a planar Wy(u-S), core.
The Cp’ groups are in an antiparallel orientation with two terminal CO groups coordinated to one W atom
and only one terminal sulfur ligand coordinated to the other. Both CO groups can be replaced by one

sulfur ligand, giving two isomers of Cp’yW,S,.

Introduction

The binuclear metal carbonyl derivatives [#3-C;R;M-
(CO),;l; M = Cr, Mo, W; R = H, CH;)! are models for
unsaturated metal cluster compounds. The high reactivity
of the metal-metal triple bond has been already demon-
strated in a variety of addition? and substitution® reactions
toward both electrophilic and nucleophilic reagents. In
order to continue our studies on the reactivity of the
metal-metal triple bond vs. ligands containing heteroat-
oms,? we selected elemental sulfur because of its versatile
ligand behavior and its tendency to form cluster com-
pounds.* Whereas the chemistry of [CsH;Mo(CO),], has
been studied preferentially, little is known on comparative
studies in the Cr, Mo, and W triad,’® especially of the
pentamethylcyclopentadienyl derivatives.®

In a preliminary paper we described the reaction of
[CsMeg(CO),Cr], and elemental sulfur, which gives as the

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

(2) Curtis, M. D.; Klingler, R. J. J. Organomet. Chem. 1978, 161, 23.
Curtis, M. D.; Han, K. R.; Butler, W. M. Inorg. Chem. 1980, 19, 2096 and
references cited therein.

(3) Wachter, J.; Mitschler, A.; Riess, J. G. J. Am. Chem. Soc. 1981, 103,
2121. Brunner, H.; Meier, W.; Wachter, J. J. Organomet. Chem. 1981,
210, C23. Slater, S.; Muetterties, E. L. Inorg. Chem. 1981, 20, 946.

(4) Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 322.

(5) Knox, S. A. R.; Stansfield, R. F. D.; Stone, F. G. A.; Winter, M. J ;
Woodward, P. J. Chem. Soc., Chem. Commun. 1978, 221.

(6) King, R. B,; Igbal, M. Z,; King, A. D., Jr. J. Organomet. Chem.
1979, 171, 58.
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only isolable product a complex of composition
(CsMe;)oCr,S;." The presence of three different types of
sulfur ligands has been established by X-ray crystallog-
raphy, including a novel end-on coordinated (u-S,S) di-
sulfur bridge. We wish to report here the extension of this
reaction to the Mo and W analogues I and II which results
in the formation of a variety of dicyclopentadienyldimetal
sulfides of the general formula (C;Me;),M,S, (M = Mo,
W) and (C5Me5)2(CO)2WQS3.

Experimental Section

General Data. Infrared spectra were obtained with a Beckman
4240 spectrophotometer. NMR spectra were recorded at 60 MHz
on a Varian T-60 spectrometer. Mass spectra were obtained with
a Varian 311A instrument. Elemental analyses were performed
by the Mikroanalytisches Laboratorium, Universitit Regensburg,
and by the Analytische Laboratorien Malissa & Reuter, D-5250
Engelskirchen, Germany (O, S, W). They are shown together with
physical properties in Table I.

All procedures were carried out under nitrogen with solvents
freshly distilled under nitrogen from appropriate drying agents.
Pentamethvlcyclopentadiene® as well as [CsMe;(CO);M], (M =
Mo, W)? was prepared according to published procedures.

Solution of the Structure. Rotating crystal and Weissenberg
photographs (Cu Ka) showed the crystals to be triclinic (III) and

(7) Brunner, H.; Guggolz, E.; Wachter, J.; Ziegler, M. L. J. Am. Chem.
Soc. 1982, 104, 1765.
(8) Threlkel, R. S.; Bercaw, J. E. J. Organomet. Chem. 1977, 136. 1.
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Table I. Selected Properties of Compounds III-VIII
yield, mol. wt.% anal. caled (found) T
compd color % caled found C H S 0

(C;Me,),Mo,(u-8,)(u-8),, IIl  dark blue 18 590.6 582 40.67 (40.65) 5.12(4.88) 21.72(21.32)

prisms
(C;Me,),Mo,(1-8,)8,, IV brown-green 10  590.6 582 40.67 (40.69) 5.12(4.25) 21.72(21.69)

needles
(C,Me,),Mo,(u-8),8,,V brown 10 590.6 582 40.67 (40.68) 5.12(4.88) 21.72(21.44)

prisms
(C,Me,),W,(CO),(1-S),S, VI green spears 45 790.3 790 33.43(32.62) 3.83(3.66) 12.17(11.91) 4.05(4.03)
(CMe),W, (1-8,)8,, VII green 8 766.4 766 31.34(30.67) 3.95(4.11)

needles
(CMe,},W,(1-S),8,, VIII red-brown 54% 766.4 766 31.34(31.30) 3.95(3.85) 16.73(16.60)

prisms

¢ Determination by field desorptlon mass spectroscopy (from toluene solution, related to *Mo and W, respectively).
b From the reaction of VI with §, in boiling toluene.

Table II. Crystallographic Data

C..H,.Mo,S, (III)

CZZHSOOZSSW2 (VI)

color

cryst type

a, A

b, A

c, A

o, deg

g, deg

v, deg

V, A

zZ

radiation used in intensity
measurement A(Mo Ka), cm™!

dark blue
triclinic
8.169 (2)
10.592 (5)
14.251 (7)
90.08 (4)
95.41(3)
107.51 (83)
1170.2

2

0.7107 (graphite monochromator)

green
monoclinic
14.632 (25)
19.203 (43)
9.000 (15)
90

4
0.7107 (Ni filter)

temp room room
space group PI-C; ShP2,/n
cryst size, mm™! 0.2x 0,15 x 0.15 0.1x 0.05x 0.05
(Mo Ka), cm™! 13.9 95.1
method of correcting for absorptn ¥ scans, empirical (7 reflns) none
diffractometer Syntex R3 AED-Siemens
diffraction geometry four circle three circle
coll reflns 6-20 6-26
no of reflns 2298 2348
independent intens 2081 (I > 2.50(1)) 1844 (I > 3q(l))
agreement between equivalent 4.71% 5.3%

reflns, Rpmerge
26 max> 29 min 2° < 20 < 50° 2° < 20 < 60°
systematic absences 0kO,k=2n+ 1,h0l,h+i=2n+ 1
R 7.5 10.6
Raniso 5.9 8.8
R, 5.4 6.1

monoclinic (VI) and provided rough lattice constants. Exact lattice
parameters for VI were calculated by least squares® from dif-
fractometrically determined 6 values of 58 selected reflections
(AED-Siemens, Mo Ka, 6-26 scans, five-value method); the
corresponding parameters of III were derived from the setting
angles of 25 machine-centered reflections (Syntex R3, Mo Kq,
6-20 scans, three-value method). Data collection was carried out
on AED-Siemens (VI) and Syntex R3 (III) diffractometers, re-
spectively. The intensities for III and VI were corrected for
Lorentz and polarization factors, for the former an empirical (¢
scans) absorption correction including seven reflections was ap-
plied. The program package for the calculations was SHELXTL,°
which were carried out on a NOVA 3 computer; plots were drawn
on a Tektronix plotter. Final refinements were performed by a
cascade-matrix procedure. The hydrogen atoms (IIT) were located
with the program HFIX (SHELXTL), only the temperature
factors being refined (U = !/strace(J; U = orthogonalized U
tensor). The anisotropic temperature factor exponent takes the
form -272(h2a*2U,; + k%*2Uy, + ... 2hka*b*Uy, + ...). Scattering
factors were those of Hanson, Herman, Lea, and Skillman.!! The

(9) Berdesinski, W.; Nuber, B. Neues Jahrb. Mineral., Abh. 1966, 104,

(10) Sheldrick, G. M. SHELXTL, An Integrated System for Solving,
Refining and Displaying Crystal Structures from Diffraction Data,
Universitat Gottingen, Federal Republic of Germany.

crystal data of III and VI are listed in Table IL

Preparations. Reaction of [CsMes(CO),Mo],, I, with S,
A mixture of 0.57 g (1 mmol) of I with 0.13 g (0.5 mmol) of Sg
and 100 mL of toluene was stirred at 45 °C for 22 h. After
concentration of the solvent to 10 mL, the solution was filtered
and transferred to a column (30 X 3 ¢m, Si0,). With toluene first
an orange red band was eluted containing a mixture of unreacted
starting material along with [CsMeg(CO);Mo],. (CsMes)sMoy(u-
S)8,, IV, and (CsMeg)oMog(u-So) (u-S),, III, were eluted with
toluene and toluene/ether (4:1) as brown and dark blue bands,
respectively. Both complexes as well as the following complexes
were recrystallized from toluene/pentane mixtures at -35 °C.

After a reaction period of 3 days the chromatographic workup
gave the following products: with toluene [C;Me;(CO);Mo}, was
eluted as an orange band followed by a dark brown band of V
and a second brown band containing IV.

Conversion of (CsMe;),Mo,(u-S;) (k-8),, IT1, into (C;Me;)-
Mo, (u-S,)8,, IV, A dark blue solution of 105 mg (0.18 mmol)
of III in 100 mL of toluene was stirred at 45 °C for 3 days. The
color changes to brown-green. The concentrated solution was
chromatographed on SiO, (column 20 X 2 cm). Complex IV was
eluted with toluene as a brown band (yield 40 mg, 38%) and

(11) Hanson, H. P.; Hermann, F.; Lea, J. D.; Skillman, S. Acta Crys-
tallogr. 1964, 17, 1040.
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Scheme I

II, M= W

Cp'a(CO4My + /5 Sg ————t————= Cp'n(CO)pW2S3 + Cp'aWa(k-S5)S;

I, M=

Mo

toluene, 45 °C, 15 h

VI Vil

+, Sg|toluene, reflux, 150

toluene, 45 °C

Cp'aMoa(#-52)52 + Cp'aMoz(k-S2){(#-S)2

CPlWa(k-S,)S, + anti-Cp'aWa(k-8)25,
Vil VIII

Cp'sMoz(#-52)Sp + ant/-Cp'aMoa(k-S)2S2

Iv III v v
toluene, 45 °C, 3 days
Cp' = 1°-CMe;
Table III. Spectroscopic Data of Complexes III-VIII
infrared (em™!, in KBr disks)
compd 'HNMR}?® 6CH3 Yco YcH YM=8 UM-8-M others
111 2.21 13785, 1023 s 420 w 380w
v 2.01 13745,1017 m 485 s 442 w 474 sh, 360 mw
A% 2.06 1378 m, 1019 m 479 s 439 w 362w
Vi 2.14, 2.07 1933, 1852 vs 1380s,1027 m 481 s 402 m 573,518,510 w
360 mw

VII 2.19 1378 ms, 1021 m 486 s 473 sh, 350 w
VIII 2.23 1379 m, 1023 m 481 s 430 vw 360 w

¢ CDC], solution: internal, Me,Si.
recrystallized from toluene/pentane (3:1) to give fine green needles:
IR (KBr) vy 485 (s), 474 (sh) em™; TH NMR écyy, 2.01 (CDCly).

A bright green band eluted with toluene/ ether (100 1) contains
ca. 15% of (CsMe;);Mo,08; which was recrystallized from tolu-
ene/pentane (3:1) to give dark green needles. Anal. Caled for
CyH3yMo,084: C 41.80; H, 5.26; mol wt, 574.6. Found: C, 40.54;
H, 5.20; mol wt, 566 (*2Mo, mass spectroscopic).

Reaction of [C;Me;CO),W],, I, with S;. A mixture of 375
mg (0.5 mmol) of II with 64 mg (0.25 mmol) of Sg and 100 mL
of toluene was stirred at 45 °C for 17 h. The concentrated solution
was filtered and chromatographed on SiO, (column 30 X 3 cm).
(CsMe;), W4 (CO),S,, VI, was  eluted with toluene/pentane (4:1)
as a green band, well separated from an orange band of
[CsMe;(CO);W1,. With toluene/ether (10:1) a green band of
(CsMes),W,S,, VII, was eluted.

Reaction of (C;Me;),(CO),W,S;, VI, with Sg. The solution
of 200 mg (0.25 mmol) of VI and 11.4 mg (0.044 mmol) of Sg in
100 mL of toluene was boiled under reflux for 15 h. The solution
was cooled to room temperature and concentrated to 10 mL.
Chromatography on SiO, (column 30 X 3 cm) gives VIII as a
red-brown product (eluted with toluene) and VII as a green
product (eluted with toluene/ether (30:1)) in 54 and 18% yeld,
respectively. VII is in its spectroscopic properties identical with
the green product obtained from the direct reaction of Sg with
[CsMes(CO),W1,. Anal. Caled for Co0HgoW,S, (VII): C, 31.34;
H, 3.95; mol wt, 766.40. Found: C, 30.75; H, 3.49; mol wt, 766
(}%W, mass spectroscopic).

Results and Discussion

The reaction of Sg with [C;Meg(CO);Mo]s, I (molar ratio 0.5:1),
has been carried out in toluene at 45 °C with reaction times of
22 h and 3 days, respectively. As shown in Scheme I, three
products of the general formula (CsMeg),Mo,S, can be isolated,
differing in color as well as in physical properties. Compounds
I[I-VIII have been characterized by elemental analysis and mass
spectra (FD technique). After 22 h a dark blue complex, III, is
isolated together with a green-brown complex, IV, in 30 and 15%
yield, respectively. No blue product, III, is formed after 3 days,
but 12% of IV together with 10% of a dark brown complex, V,
is formed. The 'H NMR spectra (Table III) indicate a symmetric
structure with respect to the C;Me; groups for compounds ITI-V

Chart 1. Isomers of Formula Cp’,Mo,S, (Cp' = ns-C sMe;)

8
ua//_.'\‘m_c,'

Y

Cp'e Hn//— Mo—Cp Cp'e

7

\s/

u._e,

B c
"
Cp’ 8 Cp’ °p'
\MG/L\\MO/ M ./_. /
SN SN
v v

(6 (CDCly)): 2.21 (III), 2.01 (IV), 2.06 (V).

For the blue complex III terminal Mo=S ligands can be ruled
out because there are no IR absorptions between 500 and 450 cm™,
a region typical of strong vy—g stretching vibrations.’> In order
to distinguish between the remaining three isomers with only
bridging sulfur ligands (Chart I), an X-ray crystallographic study
was carried out, showing that this complex belongs to the
structural type B (vide infra).

In contrast complexes IV and V exhibit strong vy,—g stretching
vibrations at 485 and 479 cm™, respectively. Complex V agrees
in color and spectroscopic properties (Table III) with the well-
investigated complex anti-(CsMeg)sMo,(u-S),Ss, the only previ-
ously known representative of transition metal sulfides of the
composition Cp,M,S,.'3 Complete structural characterization
of this dark brown complex has been carried out.!4 III, when
stirred 3 days at 45 °C in toluene, gives IV in 38% yield. The
presence of terminal sulfur in IV is established by a strong IR
absorption at 485 cm™ with a shoulder at 474 cm™. The oxidation

(12) Newton, W. E.; Chen, G. J.-J.; McDonald, J. W. J. Am. Chem.
Soc. 1976, 98, 5387.

(13) Beck, W.; Danzer, W.; Thiel, G. Angew. Chem., Int. Ed. Engl.
1973, 12, 582, Danzer, W.; Thesis, Universitat Minchen, Federal Re-
public of Germany, 1976. Fehlhammer, W. P., personal communication.

(14) Rakowski DuBois, M.; DuBois, D. L.; Van Derveer, M. C.; Hal-
tiwanger, R. C. Inorg. Chem. 1981, 20, 3064.
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Figure 1. ORTEP drawing of the molecular structure of
(CsMes)sMog(u-S,) (u-S)s, 111

state of both Mo atoms seems thus to be preserved, for opening
of the S,* bridge would require a change in the oxidation state.
Mo complexes such as V or its syn isomer are not formed in this
reaction. As a byproduct, probably caused by traces of oxygen
or water impurities in the reaction mixture, a complex of com-
position (C;Mes)oMo,08; can be isolated, in which one terminal
sulfur is replaced by a terminal oxygen as indicated by IR ab-
sorptions at 903 and 484 cm™, respectively. Correspondingly, two
CH, resonances are found in the 'H NMR spectrum at 1.98 and
1.92 ppm, The color of (CsMe;)sMoy0S; is green in contrast to
the red color of compound (CsMes);Mo,(u-S),0,, a color which
is characteristic for other complexes with two sulfide bridges.'**
This interconversion of bridging sulfur into terminal sulfur to our
knowledge is unique for Mo-S cluster compounds. The reverse
step has been demonstrated by the reaction of [C;Me;Mo(u-S)S],
with H,, C;Hy, and C3H; and is combined with a change of the
metal oxidation state.'17

The same reaction starting from [CsMes(CO),W],, 11, gives after
17 h in 45% yield a green product, VI, of composition
(CsMe;),(CO)WoS, (IR v 1933 and 1852 cm™). A strong IR
vibration at 481 em™ indicates a terminal W=S ligand, and the
'H NMR spectrum exhibits two inequivalent sets of methyl groups
(6 (CDCly) 2.14, 2.07). These data as well as additional IR fre-
quencies at 573, 518, 510, and 402 cm™ are consistent with the
structure established by an X-ray examination (vide infra). As
a byproduct the green complex VII is formed in 8% yield.

VI reacts with an excess of sulfur in boiling toluene (15 h) with
formation of two (C;Me;),W,S, isomers. The green product VII
is obtained in 18% yield (ry._g 486 cm™; dcy, (CDCly) 2.19) and
the brown complex VIII in 54% yield (»y._g) 481 cm™; bcn, (CDCly)
2.23). Substitution of both CO groups in anti-(C;Me;)o(CO)oWoSs,
VI, leads to the formation of anti-(C;Me;),W,(1-S),S,. An anti
structure with two S*" bridges is also assumed for VIII on the basis
of a color comparison with V.

It is not clear whether one S, bridge or two S* bridges are
present in complex VII. The former seems to be more likely
because of the similarity of the W compound VII with its Mo
analogue IV: the green color as well as a shoulder at 473 cm™
in the IR spectrum, absent in all the other compounds, is common
for both complexes. Furthermore, the CH; resonances in the 'H
NMR spectrum for both IV and VII are slightly shifted to a higher
field when compared to those for V and VIII, respectively. In
any case, synthesis of VII and VIII via VI starting from
[CsMe;(CO); W], represents a stepwise oxidation of the W atoms.
However, the formation of VII from VI must be accompanied by
an intramolecular redox process if a disulfide bridge is assumed
in VII.

X-ray Diffraction Studies of (C;Me;s);Mos(u-S;) (u-S)y, IT1,
and (C;Me,),(CO),W,(u-S),S, VI. oRTEP drawings of the mo-
lecular structure of III and VI are shown in Figures 1 and 3,

(15) Stevenson, D. L.; Dahl, L. F. J. Am. Chem. Soc. 1967, 98, 372.
Huneke, J. T.; Enemark, J. H. Inorg. Chem. 1978, 17, 3698.

{(16) Rakowski DuBois, M.; Van Derveer, M. C.; DuBois, D. L.; Hal-
tiwanger, R. C.; Miller, W. K. J. Am. Chem. Soc. 1980, 102, 7456.

(17) DuBois, D. L.; Miller, W. K.; Rakowski DuBois, M. J. Am. Chem.
Soc. 1981, 103, 3429,
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Figure 2. Stereoview of (C;Meg)sMo(u-S,) (u-S), viewed down
along the metal axis.

c2o0

ca

Figure 3. ORTEP drawing of the molecular structure of
(C5Me5)o(COYWy(u-S),S, VI.

respectively. Positional parameters and selected bond distances
and angles for both structures are listed in Tables IV-VIL.
(C;Me;)Moy(u-S,)(u-S); crystallizes from a mixture of tolu-
ene/ pentane (2:1) in space group P1-C! with molecular symmetry
D,. The dominating feature of the structure is the nearly
square-planar arrangement of the four sulfur atoms, perpendicular
to the metal-metal bond and parallel to the two (1*-C;Me;) planes.
Two types of sulfur ligands are found: (i) a u-5*-3, ligand, S-
(3)-S(4), (i) two u-S* ligands, S(1) and S(2). The disulfide bridge
is symmetric with an average metal-sulfur bond length of 2.446
A and an M-S-M angle of 64.1°, which is in contrast to the
asymmetric coordination of the disulfide bridges in the known
examples of Mo cluster sulfides.”® The observed S-S bond length
of 2.095 (7) A is close to that in other S, complexes.’® The Mo-S
bond lengths of S(1) and S(2) are only slightly longer than those
in corresponding Mo(V) complexes (see Table VIII), but there
is a remarkable reduction of the angle of the S* bridge from values
about 76 to 66.8° in III. The same observation was made for the
u-8% group in (CHCsH)sMog(u-8)5(u-SCH;),. '8 Concomitantly
a contraction of the metal-metal bond to 2.599 (2) A is found.
This short distance is within the range typical for Mo=Mo
bonds, like in a binuclear alkoxy-bridged Mo(IV) complex (d
(Mo-Mo) = 2.523 (1) A.)® Another example of a Mo—=Mo bond
in a Mo(IV) complex has been proposed in bis((gz-sulfido)(thio-
carboxamido)(di-n-propyldithiocarbamato)molybdenum) with a
distance of 2.705 (2) A.*» Formation of a formal metal-metal
double bond is further supported by electron bookkeeping in order
to explain the diagmagnetism of ITII. As can be concluded from
Table VIII, the metal-metal interaction seems to be affected by

(18) Miiller, A.; Nolte, W. O.; Krebs, B. Inorg. Chem. 1980, 19, 2835.
Miiller, A.; Pohl, S.; Dartmann, M.; Cohen, J. P.; Bennett, J. M.; Kirchner,
R. M. Z. Naturforsch. B.: Anorg. Chem., Org. Chem. 1979, 34B, 434.

(19) Miller, A.: Jaegermann, W. Tnorg. Chem. 1979, 18, 2631.

(20) Chisholm, M. A,; Cotton, F. A; Extine, W. M.; Reichert, W. W.
Inorg. Chem. 1978, 17, 2944.

(21) Ricard, L.; Estienne, J.; Weiss, R. Inorg. Chem. 1973, 12, 2182.

(22) Bunzey, G.; Enemark, J. H. Inorg. Chem. 1978, 17, 682.
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Formation of Different Cp’sM,S, Isomers

Table VI.

Mo(1)-Mo(2)
Mo(1)-S(1)
Mo(1)-S(2)
Mo(1)-S(3)

Mo(2)-S(1)
Mo(2)-S(2)
Mo(2)-S(3)

S(3)-S(4)
S(1)-8(2)°

Mo(1)-Mo(2)-S(1)
Mo(1)-Mo(2)-S(2)
Mo(1)-Mo(2)-S(3)

Mo(1)-S(1)-Mo(2)
Mo(1)-8(2)-Mo(2)

S(1)-Mo(1)-S(2)
S(1)-Mo(1)-S(3)
S(1)-Mo(1)-S(4)
S(1)-Mo(2)-S(2)

¢ Nonbonded distances.

Bond Lengths (d)

2.599 (2) Mo(1)-S(4) 2.449 (5)
2.361 (4) Mo(1)-C(1) 2.31(1)
2.353 (4) Mo(1)-C(3) 2.33 (1)
2.446 (4)
2.362 (5) Mo(2)-S(4) 2.443 (4)
2.362 (4) Mo(2)-C(11) 2.29 (2)
2.448 (5) Mo(2)-C(13) 2.33 (2)
2.095 (7) S(1)-S(3)¢ 3.054
3.098
Bond Angles (w)
56.6 (1) Mo(1)-Mo(2)-S(4) 58.0 (1)
56.4 (1) Mo(2)-Mo(1)-8(1) 56.6 (1)
57.9 (1) Mo(2)-Mo(1)-S(2) 56.7 (1)
66.8 (1) Mo(1)-S(3)-Mo(2) 64.1 (1)
66.9 (1) Mo(1)-S(4)-Mo(2) 64.2 (1)
82.2 (1) S(1)-Mo(2)-S(3) 78.8 (2)
78.9 (1) S(1)-Mo(2)-S(4) 111.6 (2)
111.4 (2) S(2)-Mo(1)-S(3) 111.6 (2)
82.0 (1) S(2)-Mo(1)-S(4) 78.5 (2)
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Mo(1)-C(5)
Mo(1)-C(7)
Mo(1)-C(9)

Mo(2)-C(15)
Mo(2)-C(17)
Mo(2)-C(19)

5(2)-8(4)°

Mo(2)-Mo(1)-5(3)
Mo(2)-Mo(1)-S(4)

Mo(1)-5(3)-S(4)
Mo(2)-8(3)-S(4)

S(2)-Mo(2)-5(3)
S(2)-Mo(2)-S(4)
S(3)-Mo(1)-5(4)
S(3)-Mo(2)-S(4)

Selected Bond Lengths (d, A) and Bond Angles (w, Deg) for (n-C,Me,),Mo,(1-8,)(u-S),

2.34 (1)
2.38 (2)
2.36 (2)
2.37 (2)
2.34 (1)
2.33 (1)
3.039

58.0 (1)
57.8 (1)

64.7 (2)
64.5 (2)

111.2 (1)
78.4 (1)
50.7 (2)
50.7 (2)

Table VII. Selected Bond Lengths (d, A) and Bond Angles (w, Deg) for (n-C,Me,),W,(CO),(u-S),S
Bond Lengths (d)
W(1)-W(2) 3.045(2) W(1)-C(2) 1.66 (6) W(2)-S(2) 2.272 (9)
W(1)-S(2) 2.430(9) W(1)-Cp'(cent) 2.02 (4) W(2)-8(3) 2.285 (9)
W(1)-S(3) 2.450(10) W(2)-S(1) 2.13 (1) W(2)-Cp’(cent) 2.06 (4)
W(1)-C(1) 1.85 (4)
Bond Angles (w)
W(1)-W(2)-S(1) 112.6(3)  W(2)-W(1)-8(2) 47.4(2)  W(2)-W(1)-Cp(cent) 128.2 (8)
W(1)-W(2)-S(2) 51.9 (2) W(2)-S(1)-S(3) 47.6 (2) W(1)-S(2)-W(2) 80.7 (3)
W(1)-W(2)-8(3) 52.4 (2) W(2)-W(1)-C(1) 108 (1) W(1)-S(3)-W(2) 80.0 (3)
W(1)-W(2)-Cp'(cent) 131.0 (8) W(2)-W(1)-C(2) 109 (2)
S(2)-W(1)-8(3) 95.0 (3) S(1)-W(2)-8(2) 104.2 (4) S(2)-W(2)-S(3) 104.3 (3)
C(1)-W(1)-C(2) 70 (2) S(1)-W(2)-S(3) 105.8 (4)

Table VIII. Relevant Structural Parameters of Selected Sulfido-Bridged Molybdenum Complexes
complex? M-M, A M-S(bridge), A M-S-M, deg ref
Cp',Mo,(x-8),8, 2.905 (1) 2.297 (2) 78.38 (6) 14
syn-[Mo,(u-S),S,(S,C,H,),1*~ 2.863 (2) 2.320(3) 76.22 (9) 22
anti-[Mo,(u-8),8,(S,C,H,),]*" 2.878 (2) 2.321 (2) 76.72 (7) 22
Mo, (1-8),(n*-SCNR,),(S,CNR,), (R = n-C,H,) 2.705 (2) 2.242 (2), 2.340 (2) 72.3 (1) 21
(CH,C,H,),Mo,(u-S),(1-SCH,), 2.582 (1) 2.3562 (2) 66.58 (8) 16
Cp',Mo,(1-8,)(k-8), 2.599 (2) 2.357 (4) 66.8 (1) this work

@ Cp' = 15-C_Me,.

the formal oxidation state of the metal, as well as by the nature
of the sulfur bridges. The incorporation of one disulfide and two
sulfide bridges in molecule III, which consequently leads to the
formation of a relative short metal-metal bond, is quite unusual
in the chemistry of group 6B metal sulfides. In this way the
unfavorable Mo(V) configuration with four sulfide bridges has
been avoided.'” An analogous principle was recently found in
(CsMe;),Cr,S; with the only exception that one u-S% ligand is
replaced by an 7'(u-S,S) ligand.”

(CsMe;),(CO) Wo(u-S),S crystallizes from a mixture of tolu-
ene/pentane (1:1) as dark green spears in space group C3,—P2,/n.
The characteristic feature of the structure is the anti arrangement
of all nonbridging ligands around the W,(u-S), plane, leaving both
tungsten atoms in different coordination states. The originally
bridging carbonyls are converted into terminal functions on one
side (W(1)) of the molecule, whereas on the other side (W(2)) there
is only one terminal sulfur ligand. If a direct W-W bond is

two tungsten atoms achieve d'® and d® electron configuration,
respectively. This mixed-valence state is balanced by the sulfide
bridges: S(2) and S(3) are bonded more closely to the
“electron-deficient” center W(2) (mean 2.278 A) than to W(1)
{mean 2.440 A). The W-S-W angle (average 80.3°) still seems
indicative of a direct bond between the metal atoms.

Registry No. I, 12132-04-6; 11, 70634-77-4; 111, 82167-40-6; IV,
82167-39-3; V, 78085-81-1; VI, 82167-38-2; VII, 82167-37-1; VIII,
82167-36-0; S, 7704-34-9; Mo, 7439-98-7; W, 7440-33-7.

Supplementary Material Available: Tables of observed and
calculated structure factors and bond distances and angles for
compounds IIT and VI (29 pages). Ordering information is given
on any current masthead page.

postulated, although the found distance of 3.045 (2) A is very long
compared to known values of S-bridged W(IV) complexes,? the

(23) Bino, A.; Cotton, F. A,; Dori, Z.; Sekutowski, J. C. Inorg. Chem.
1978, 17, 2946.
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Complexation of Triangular Faces of Tetranuclear Clusters by
the Tripod Ligands HC(PPh,), and HC(AsPh,),. Molecular
Structure of (w-toluene)[HC(PPh,);]Co0,(CO),

A. A, Bahsoun, J. A. Osborn,* and C. Voelker

Laboratoire de Chimie Inorganique Moléculaire et de Catalyse Institut Le Bel, Université Louis Pasteur,
67000 Strasbourg, France

J. J. Bonnet® and G. Lavigne

Laboratoire de Chimie de Coordination du C.N.R.S., Associé & I'Université Paul Sabtier, 31400 Toulouse,
France

Received April 5, 1982

The tripod ligands HC(PPh,); and HC(AsPhy,); are found to complex three metal atoms on the triangular
face of tetrahedral clusters M,(CO);; (M, = Co,, Rh,, Ir,, Co,Rhy, HFeCog) to produce the new capped
cluster species M,(CO)y(tripod). These new complexes show enhanced stability relative to the parent clusters.
The molecular structure of the derivative (7-toluene)Co,(CO)s[HC(PPhy);] shows the tripod ligand to fit
well with the carbonyl-bridged triangular face of the three Co atoms, the toluene molecule being = bonded

to the apical Co atom.

Introduction

Metal clusters have received much attention lately for
several reasons. First, clusters have been isolated of in-
creasing nuclearity, many of which possess fascinating and
new structural forms.! Second, these structures bear a
strong resemblance to small metal crystallites, and con-
sequently, it is hoped that some of the catalytic properties
of the latter might be reproduced by analogous molecular
clusters in homogeneous solution.? These aspirations have
yet to be realized, but model reaction chemistry has re-
vealed a variety of polymetallic—substrate interactions
unknown to mononuclear systems, which indicate that new
catalytic reactions based on polymetallic complexes con-
tinue to be a feasible proposition.

Two major problems are evident for the chemist working
with clusters. First, the synthesis of new clusters have been
largely by happenstance, and directed strategies for their
synthesis have not been widely developed.® Second, in
reactivity and catalytic studies, clusters often undergo
fragmentation, giving rise to unsaturated mononuclear
species which are indeed the source of the reactivity of the
complex.* Hence the cluster is not demonstrating poly-
metallic reactivity or catalysis in these cases. This frag-
mentation arises from the fact that metal-metal and
metal-carbonyl bond energies are often comparable and
hence metal-metal bond breaking is competitive with
substitution processes. We would thus define a bona fide
catalytic reaction of a cluster as one in which (a) the nu-
clearity (but not necessarily the architecture) of the cluster
is maintained during the catalytic cycle and (b) more than
one transition-metal center is directly involved in the
catalytic process.

We therefore have sought by the use of suitably designed
polydentate ligands to hold several metals in close

(1) See: Washecheck, D. M.; Wucherer, E. J.; Dahl, L. F.; Ceriotti, A,;
Longoni, G.; Manassero, M.; Sansoni, M.; Chini, P. J. Am. Chem. Soc.
1979, 101, 6110.

(2) Muetterties, E. L.; Rhodin, J. W,; Band, E.; Brucker, C. F.; Pretzer,
W. R. Chem. Rev. 1979, 79, 91.

(3) For notable exceptions see: (a) Richter, F.; Vahrenkamp, H. An-
gew Chem., Int. Ed. Engl. 1979, 18, 531. (b) Vahrenkamp, H.; Wucherer,
E. J. Ibid. 1981, 20, 680. (c) Geffroy, G. L. Acc. Chem. Res. 1980, 13, 469.
(d) Chetcuti, M.; Green, M.; Howard, J. A. K.; Jeffery, J. C.; Mills, R. M.;
Pain, G. N,; Porter, S. J.; Stone, F. G. A.; Wilson, A. A.; Woodward, P.
J. Chem. Soc. Chem. Commun. 1980, 1057.

(4) (a) Bradley, J. 8. J. Am. Chem. Soc. 1979, 101, 7419. (b) Dombeck,
B. D. Ibid. 1980, 102, 6855.

proximity—ideally at a metal-metal bond distance. For
the stabilization of triangular arrays of metal atoms of
which most metal cluster frameworks are constructed, we
have synthetized and studied a family of tripod ligands,
RC(L,L,Ls), where L, L, and L; are donor functions such
as PRy, AsR,, and SR. Models show that (i) the bite angle
of such a tripod ligand favors the binding of three metal
atoms rather than chelation about a single metal as found
for other well-known tripod ligands,® (ii) that the L,-L,
distances in such a conformation is comparable (ca. 2.7 &)
to that of a metal-metal single bond, thus presenting a good
fit for a triangular array of bonded metals.

In this paper, we present the synthesis of two members
of this ligand family HC(PPhy), (1) (hereafter referred to
ag the tripod ligand) and HC(AsPh,); (2) and describe
reactions of these ligands with some tetranuclear clusters
of the type M,(CO),,.5 We describe also the X-ray
structure of a Co, cluster containing a coordinated tripod
ligand. Further papers will describe reaction of the tripod
ligand with other tetranuclear (e.g., HRu,(CO),,,” hexa-
nuclear (e.g., Rhg(CO),¢), and trinuclear (e.g., Os;H,(CO),0)
species as well as the use of the tripod ligand for template
synthesis.® After this work was initiated, Masters reported
the reaction of an analogous ligand, CH,Si(P-n-Buy),, with
Ru3(CO),,, which indeed gave the “capped” product as
shown by an X-ray structure.’

Results and Discussion
(a) The Tripod Ligand HC(PPh,); (1). The synthesis
of 1 was by an unexceptional route, viz., eq 1. 1 had been

Li-n-B - +

PPhaCHPPhz —i= PhzPCHPPhz  + Li(TMEDA)
PPh,CI (1)

HC(PPhz)s  (ca 80% yield)

(5) (a) Dapporto, P.; Midollini, S.; Orlandini, A.; Sacconi, L. Inorg.
Chem. 1976, 15, 2768. (b) Tan, K. D.; Uriarte, R.; Mazanec, T. J.; Meek,
D. W.J. Am. Chem. Soc. 1979, 101, 6614. (c) Ellermann, J.; Linder, H.
A.; Moll, M. Chem. Ber, 1979, 112, 3441.

(6) For a preliminary account, see: Arduini, A. A.; Bahsoun, A. A,;
Osborn, J. A.; Voelker, C. Angew. Chem. 1980, 92, 1058; Angew. Chem.,
Int. Ed. Engl. 1980, 19, 1024.

(7) Bahsoun, A.; Osborn, J. A., unpublished work.

(8) Osborn, J. A,; Stanley, G. G. Angew. Chem. 1980, 92, 1059; Angew.
Chem., Int. Ed. Engl. 1980, 19, 1025.

(9) De Boer, J. J.; Van Doom, J. A.; Masters, C. J. Chem. Soc., Chem.
Commun. 1978, 1005.
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Molecular Structure of (r-toluene) [HC(PH,)3] Co(CO)g

Figure 1. The tripod ligand HC(PPhy)s.

Figure 2, Stepwise substitution of the triangular array of cluster
by the tripod ligand.

previously reported,’® and we have confirmed its formu-
lation by *'P NMR (*'P{'H} spectrum is a sharp singlet at
-9.4 ppm) and mass spectral studies (parent ion at m/e
568). 1 is thus easily prepared and is equally easily handled
(colorless crystals, only slowly oxidized in air) and has
simple practical advantages in use compared with its
analogues MeSi(P-n-Bu,)s? or HC(PMe,)s.!! It can be
further functionalized via deprotonation of the bridging
carbon and hence also attached to polymer supports.

(b) The Tripod Ligand HC(AsPh,); (2). The syn-
thesis above can also clearly be generalized to other tripod
ligands involving different donor function L. Thus we have
synthetized by a similar route the tripod ligand HC-
(AsPhy); (2) which has been well characterized (e.g., 'H
NMR and MS; see Experimental Section).

(¢) Tripod Complexation of Tetranuclear Com-
plexes. (i) Initial Considerations. Although we have
represented the tripod ligand in a conformation favorable
for complexation of a triangular array of metal atoms,
molecular models show that other conformations of the
free ligand may be more stable and that stepwise com-
plexation to 1 could be severely impeded by steric crowding
of the phenyl groups. Therefore, to test that 1 can complex
three metal atoms, we chose to study its reactions with
triangular faces of known clusters.

Initially we chose to study the reactivity of 1 with the
known triangular cluster Rug(CO),,. However, we (as
Masters?) found these reactions to be more complicated
than anticipated. The desired capped product Ru,-
(CO),(tripod) could be obtained in only low yield (ca. 15%)
from the 1:1 reaction mixture after chromatography.” At
least four other products could be detected by 3'P NMR
spectroscopy, in some of which ligand transformations had
clearly occurred.’? However, further consideration of the
substitution patterns of Ru;(CO),, offers reasons why
capping is likely to be inefficient in this case. As substi-
tution of a triangular complex by the tripod ligand pre-
sumeably proceeds stepwise, two difficulties arise. First,
substitution must be axial or alternatively the axial sub-
stitution product must be reasonably accessible via
equatorial to axial isomerization. The preferred substi-
tution in Ruy(CO),, by phosphines is equatorial.!* Second,
even if axial substitution is achieved for the first substi-
tution of 1, the second phosphine P, can bind two sites,

(10) Isslieb, K.; Abicht, H. P. J. Prakt. Chem. 1970, 312, 456.

(11) Karsch, H. H.; Schubert, U.; Neugbauer, D. Angew. Chem. 1979,
91, 518; Angew. Chem., Int. Ed. Engl. 1979, 18, 484.

(12) Harding, M. M.; Nicholls, B. S.; Smith, A. K. J. Organomet.
Chem. 1982, 226, C17.

(13) Cotton, F. A.; Hanson, B. E. Inorg. Chem. 1977, 16, 3369. La-
vigne, G.; Bonnet, J. J. Ibid. 1981, 20, 2713,
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Figure 3. C,, structure proposed for the M(CO)4(tripod) cluster.

M; or M; (see Figure 2); the desired path (P, — M,) ap-
peared to be the least favored sterically. Of course, if such
substitutions are readily reversible, such arguments are no
longer valid, but it appears that trinuclear systems such
as Ru;(CO),, are not a good test of the potentialities of 1
as a ligand for a triangular array of metal atoms.

Tetrahedral (and octahedral) clusters, which possess a
threefold axis passing through the point of the first sub-
stitution, do not impose such strict stereochemical prob-
lems to substitution. Consequently we have tested the
tripod ligands for their capping properties on such systems.

(ii) Synthesis and the Proposed Structure of M,-
(CO)o(tripod). The reaction of 1 molar equiv of the ligand
tripod with M,(CO);, clusters in the refluxed hydrocarbon
(M, = Co,, HFeCog, Ir,) or at room temperature (tolu-
ene-hexane) (M, = Rh,, Co,Rh,) yields good yields of the
desired products (50-80%). We have not investigated as
yet the minor products.

Spectroscopic data lead us to propose the structure
proposed in Figure 3. Hence all capped products show
terminal and bridging carbonyl frequencies in the infrared
spectrum which have been shifted to lower frequencies (ca.
80-100 ¢cm™) in comparison with those of the parent
cluster. The simplicity of the spectrum along with the
large shift of the bridging carbonyls indicates that the
phosphine is bound to the bridged face in a high-symmetry
Cs, structure. This is confirmed by NMR studies below.

(iii) *'P and *C NMR Studies of M,(CO)y(tripod)
(M = Co, Rh, Ir). In all cases a single resonance for
31P{'H} was observed. The Rh, compound showed a com-
plex but symmetrical doublet spectrum for an
AA’A”"XX’X"”Y system, which can be approximately
analyzed as a lightly coupled double doublet of triplets
with 'Jgyp = 130 Hz, 2Jg; p ~ 7 Hz (apical Rh), and
either 2Jg,_p (basal Rh) or 3Jp_p ~ 14 Hz or 0.

The *C NMR spectra were also studied for the 3CO-
enriched (ca. 35%) complex Rh,(CO)s[HC(PPh,);]. An
approximately 1:1:1 pattern is observed at 242, 190.2, and
186.4 ppm downfield from Me,Si (see Figure 4). The
triplet resonance at 242 ppm results from the bridging
carbonyls (*Jg;,c = 35 Hz) and the doublet at 190.2 ppm
from the terminal carbonyl groups in the basal plane
(*Jgpc = 75 Hz). The apical carbonyls appear as a doublet
of overlapping quartets resulting from coupling to the
nearest '®Rh nucleus (*}J¢_g, = 65 Hz) and further long-
range coupling to the three phosphorus nuclei with
8Jc_p(av) = 24 Hz. In order to gain further evidence in
support of the latter long-range coupling, the ¥C NMR
spectra, studied for 3CO-enriched (ca. 45%) complex
Rh,(CO)g[HC(AsPh,);], show an 1:1:1 pattern at 242.8,
189.5, and 186.6 ppm; the doublet of triplet resonances at
242.8 ppm results from the bridging carbonyls ({Jg, ¢ =
30 Hz and ?Jgy, gy = 10 Hz) and the doublet at 189.5 ppm
from the terminal carbonyls groups in the basal plane
(*Jgyc = 76 Hz). The apical carbonyls appear as a doublet
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Figure 4. 3C NMR spectra of the CO region for Rhy(CO)s-
[HC(PPhy)s].

centered at 186.6 ppm (‘g = 63 Hz). Furthermore, the
13C NMR spectrum’ of the isoelectronic complex HRu,-
(CO)o[HC(PPh,);] shows the apical carbonyl resonances
to arise as quartet (*Jc_gy_rep = 4 Hz). These spectro-
scopic features imply that rapid intramolecular exchange
of apical carbonyl groups occur about the C; axis. We note
however that in the tripod complex all other exchange
processes involving CO ligands are now sufficiently slow,
not to be observed even at +70 °C. Furthermore, the
parent cluster Rh,(CO),, shows a limiting spectrum only
at ~65 °C14 containing four resonances with a relative in-
tensity ratio of 1:1:1:1, in which the apical CO resonances
arise as a doublet with any further long-range coupling
(2Jc-Rh(ap)-Rheqy = 0). Shapley'® in a detailed study of
Ir4(CO)12_,,(P§3) complexes showed that intramolecular
carbonyl scrambling processes were slowed by increasing
phosphine substitution. We show in an analogous system,
H,Ru,(CO)y(tripod), that the tripod ligand impedes the
merry-go-round carbonyl processes'® because of steric in-
teractions with the phenyl groups. However, there appears
to be an inversion in behavior when Rh,(CO)q(tripod) and
Ir,(CO),;(PPh,Me) are compared. In the former, all car-
bonyl scrambling processes are slowed except, apparently,
the rapid intramolecular exchange of apical carbonyl
groups around the C; axis, whereas the reverse was true
with the Ir, system. However, the unknown process at high
temperature observed by Shapley may involve a simple
pseudo C, rotational mechanism. Finally, the reaction of
13CO with Rh(CO)y(tripod) is found to give rise to sta-
tistical incorporation of all carbonyl sites, indicating that
intramolecular exchange does occur slowly but occurs at
a rate faster than the intermolecular exchange of *CO.
(iv) Co,Rhy(CO)y(tripod) and HFeCoz(CO)g(trlpod)
In both these complexes, two isomers are possible since
there are two types of triangular face available. The 3P
NMR of HFeCog(CO)q(tripod) shows a broad singlet at
44.5 ppm, indicating a Cs, structure with the tripod ligand
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binding to a Co, face. For Co,Rhy(CO)g(tripod) the 3'P
NMR shows three resonance regions of relative intensity
1:1:1. The broad resonance at 33 ppm is assigned to P
nucleus bound to a Co atom; the two doublets centered
at 29 and 25.2 ppm result from a AA’XX’ spectrum of two
phosphorus atoms bound to two chemically equivalent
rhodium atoms (*Jg,_p = 137 Hz and either 3Jp_p or 2Jg,.p
= 18.4 Hz or 0). Hence the tripod ligand has selected the
Rh,Co over the Co,Rh face. Since, in general, substitution
on Rh, is easier than on Co, clusters, kinetic selection is
operating although we have not noted the formation of the
other isomers in solution over long periods.

The ®C NMR data confirm this assignment. *CO-en-
riched Co,Rhy(CO)q(tripod) shows a *C carbonyl spectrum
with terminal carbony! resonances at 205.2 and 203.6 ppm
(broad) assigned to three Co-CO (apical) and one Co-CO
(radial) resonance, a double doublet centered at 189.2 ppm
assigned to two terminal Rh-CO (radial) resonances (*Jgy ¢
= 72 Hz; %Jg, ¢ = 16 Hz), and bridging carbonyl resonances
at 246.3 ppm (dt) resulting from two carbonyls bridging
between Co and Rh (!Jg,c = 20 Hz) and 234.2 ppm (tt)
ascribed to a CO bridging two Rh atoms (*Jg;, ¢ = 43 Hz).
Thus again intramolecular rearrangements of the carbonyl
groups is slow, although '3CO incorporation experiments
(as for Rh, described above) indicate such an exchange to
be relatively rapid on a chemical time scale.

(v) Some Stability Tests on M,(CO)y(tripod) Com-
plexes. We have briefly studied the reactivity of these
constrained clusters to test whether they are more resistant
to fragmentation than the parent complexes, a property
of potential use if cluster catalysis is to be observed.

M,(CO)q4(tripod) (M = Co, Rh) shows no appreciable
decomposition in toluene at 100 °C under CO (30 bar) over
an 18-h period. Under comparable conditions the parent
carbonyls (or their phosphine-substituted derivatives) are
unstable. Thus Co,(CO),, yields Co,(CO)s (35-105 °C
(27-110 bar of C0O),!” and Rh,(CO),o(PPhs), gives dimeric
products (50 °C (10-80 bar of CQ)).'8

Co,(CO)y(tripod) can be refluxed in toluene to produce
the apically substituted derivative (r-toluene)Co,(CO)¢-
{(tripod) in high yield with no special precautions whereas
under similar conditions the direct substitution of Co,(C-
0),, with arenes undergoes extensive decomposition owing
to the limited thermal stability of the product.!® The
X-ray structure of (r-toluene)Co,(CO)¢(tripod) is described
below. Substitution of the apical site of Cos(CO)g(tripod)
by PMe, produces the complex Co,(CO)y(PMe,)(tripod)
in high yield.

We note also that the Rh, and Ir, clusters can be re-
versibly protonated without decomposition, and details will
be described elsewhere.

(vi) The X-ray Structure of (r-toluene)Co (CO)¢-
[HC(PPh;);]. The only previously reported structure
involving a capped triangular face of metal atoms was that
of Rug(CO)e(CH,Si(P-n-Buy);).> The X-ray structure of
(w-toluene)Co,(CO);[HC(PPh,);] is presented in Figure 5.
The structure, as anticipated, consists of a tetrahedral
metal framework, with the tripod ligand capping one face
(Co(l)Co(Z)Co(B)) with the toluene molecule = bonding
to the apical cobalt atom Co(4). Selected bond distances
and bond angles are found in Tables IV and V.

The “fit” of the tripod ligand on the Co, triangular face
is reasonably good as is illustrated by the near orthogo-

(14) (a) Evans, J.; Johnson, B. F. A.; Lewis, J.; Norton, J. R.; Cotton,
F. A. J. Chem. Soc., Chem. Commun. 1978, 807. (b) Cotton, F. A,;
Cruczinski, L.; Shapiro, B. L.; Johnson, L. F. J. Am. Chem. Soc. 1972, 94,
6191.

(15) Stuntz, G. F.; Shapley, J. R. J. Am. Chem. Soc. 1977, 99, 607.

(16) Band, E.; Muetterties, E. L. Chem. Rev. 1978, 78, 639.

(17) Chini, P.; Heaton, B. H. Top. Curr. Chem. 1977, 71, 53.

(18) Whyman, R. J. Chem. Soc., Dalton Trans. 1972, 1375.

(19) (a) Bor, G.; Sbrignadello, G.; Mercati, F. J. Organomet. Chem.
1972, 46, 357. (b) Khand, I. U.; Know, G. R.; Pauson, P. L.; Watts, W.
E. J. Chem. Soc., Perkin Trans. 1 1978, 975. (c) Sisak, I.; Ungary, F.;
Palyi, G.; Marko, L. J. Organomet. Chem. 1975, 90, 77.





Molecular Structure of (w-toluene) [HC(PH,)3]Co,(CO)¢

Figure 5. X-ray structure of (r-toluene)Co(CO)¢[HC(PPhy),].
Geometry and labeling of the complex; pheny! rings on the tripod
ligand have been omitted for clarity.

nality of the Co~P vectors to the plane of the Coj, triangular
face (mean P(n)—Co(n)-Co(m) angle = 96.8°). Other de-
tails are not exceptional, the complex showing strong
similarities to the parent Co,(CO),; structure.?® Hence
the six metal-metal bonds have a mean value of 2.459 A
compared with the 2.489-A value for the parent cluster.
No chemical conclusions can be drawn from these small
differences as the previous values could have been influ-
enced by crystal disorder.®® The distribution of the six
basal carbonyl ligands is also closely related to that found
in Co,(CO),,, but we note that significant differences be-
tween terminal and bridging carbonyls are evident: mean
values of Co~C and C-O bond lengths for terminal car-
bonyls are 1.75 and 1.14 A, respectively, whereas the
corresponding values for bridging carbonyls are 1.91 and
1.18 A. These values are also close to those found?! for the
(r-arene)Co,(CO)y complexes (arene = xylene, benzene).
We note however, a slightly shorter distance is observed
(1.57 A) between the apical cobalt and the centroid of the
toluene ligand than that found for the (7-arene)Co,(CO),
complexes (1.62 A).

Experimental Section

Materials and Methods. All experiments were performed
either in Schlenk-type glassware under prepure nitrogen or argon
or in a argon-filled glovebox, except when stated. Oxygen and
peroxide free solvents were obtained by conventional distillation
under nitrogen in presence of the appropriate reagent, e.g., sodium
benzophenone.

Bis(diphenylphosphine)methane, chlorodiphenylphosphine,
bis(diphenylarsino)methane, chlorodiphenylarsine, n-butyllithium,
and Ir,(CO),, were purchased from Strem Chemicals Inc. and used
as obtained. 3CO (90%) was obtained from the “Service des
Molécules Marquées” C.E.A. (France).

The COmpOundS C04(CO) 12/,1% COthz(CO)lz,zz HF9003(CO)12,23
Rh,(CO),5,# and Ir,(CO),,H % were prepared by litterature
methods.

NMR spectra were recorded on a Britker WH 90 (*'P) and
Varian XL-100 (13C) or a Briker SY-200 (13C, 'H) instruments.
Chemical shifts are relative to (CHj),Si (*H, '3C) or H;PO, (°'P).

(20) Wei, C. H. Inorg. Chem. 1969, 8, 2384.

(21) Bird, P. H.; Frazer, A. R. J. Organomet. Chem. 1974, 73, 103.

(22) Martinengo, S.; Chini, P.; Albano, V. G.; Cariati, F.; Salvatori, T.
J. Organomet. Chem. 1973, 59, 379.

(23) Chini, P.; Colli, L.; Peraldo, M. Gazz. Chim. Ital. 1960, 90, 1005.

(24) Martinengo, J.; Chini, P.; Giordano, G. J. Organomet. Chem.
1971, 27, 289.

(25) Angoletta, M.; Malatesta, L.; Gaglio, F. J. Organomet. Chem.
1975, 94, 99.
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Data are presented as proton decoupled with downfield chemicals
shifts as positive. Infrared spectra were obtained as Nujol nulls
or in solution (0.01-mm KClI cells) by using a Perkin-Elmer 597
spectrophotometer.

Elemental analyses were performed by the Service Central
d’Analyse of the C.N.R.S.

Synthesis of the Tripod Ligands. (a) 1,1,1-Tris(di-
phenylphosphino)methane, HC(PPh,);. A 7.6-mL sample of
tetramethylethylenediamine (TMEDA) (50 mmol) in 15 mL of
toluene was added dropwise under nitrogen to a 250-mL round-
bottomed flask containing 35 mL of a 1.5 M hexane solution of
n-BuLi (ca. 50 mmol), yielding an orange-red solution of n-
BuLi(TMEDA). A 19.2-g (50-mmol) sample of (Phy,P),CH, was
added as a powder in several fractions to the above solution which
was stirred vigorously during the addition (1 h at 25 °C). The
salt (Ph,P),CHLi(TMEDA)* precipitated as pale yellow crystals,
which were filtered off and washed with degassed hexane (2 X
50 mL) and dried in vacuo.

A 25-g (ca. 50-mmol) sample of the (Ph,Po)CHLi(TMEDA)*
salt dissolved in 80 mL of tetrahydrofuran (THF), in a 250-mL
flask, was treated with PPh,Cl (12 mL, ca. 64 mmol) diluted in
THF (15 mL) in a dropwise fashion under nitrogen for 1 h. The
mixture was stirred for a further 3 h. The resultant pale yellow
solution was evaporated to dryness, yielding a pale yellow solid.
This solid was treated with toluene (200 mL) and the resultant
solution filtered through a glass sintered frit. The clear yellow
filtrate was concentrated in vacuo to ca. half the volume (or until
precipitation starts to occur) and left standing for several hours
during which time the product HC(PPh,); deposits as colorless
crystals. These were filtered off, washed with 10 mL of cold
toluene (washings added to the filtrate) and several times with
hexane (50 mL), and dried in vacuo. Workup of the filtrate in
a similar fashion produced a further crop of crystals: overall yield
ca. 21 g of HC(PPhy); (ca. 75%); 'H NMR (CD,Cl,) 4.25 (CH,
1H, s), 7.1-7.4 ppm (aromatic protons, 30 H, m); 3P NMR -9.4
(CgDsCDy), -8.2 ppm (CD,Cly) (relative to HyPO,); mass spectrum,
molecular ion at m/e 568; IR (cm™ in Nujol) 3065 (w), 3050 (mw),
3020 (w), 1580 (w), 1565 (w), 1475 (m), 1430 (s), 1090 (mw, br),
1025 (mw), 1000 (w), 775 (w), 740 (sh, s}, 738 (vs), 695 (s), 600
(m), 520 (m), 498 (mw), 484 (m). Anal. Caled for C5;Hy Py (mol
wt 568): C, 78.15; H, 5.46; P, 16.35. Found: C, 77.80; H, 5.50;
P, 16.20.

(b) 1,1,1-Tris(diphenylarsino)methane, HC(AsPh,);. The
ligand was obtained as described above the HC(PPh,),, employing
3.52 g of Phy,AsCH,AsPh, (ca. 7.5 mmol) added as a powder to
an orange solution of n-BuLi(TMEDA) (ca. 7.5 mmol), and the
final mixture stirred vigorously for several hours. The pale
yellowish salt PhyAsCHAsPh,~Li(TMEDA)" isolated was washed
several times with hexane and dried in vacuo. A THF solution
of PhyAsCHAsPh,” was then treated with Ph,AsCl (1.80 mL, ca.
2.85 g, 10 mmol) for several hours. Workup of the mother solution
in a similar fashion as stated in a produced the white crystals of
HC(AsPh,),: yield ca. 3.40 g, 60%; 'H NMR (CD,Cl,) 3.7 (CH,
1 H,s), 7-7.4 ppm (aromatic protons, 30 H, m); mass spectrum,
molecular ion at m/e 700; IR (ecm™) 3060 (w), 3045 (w), 3020 (w),
1578 (w), 1567 (vw, sh), 1478 (m), 1430 (s), 1070 (mw, br), 1020
(mw), 995 (w), 770 (w), 735 (vs), 692 (vs), 528 (w), 475 (m), 460
(m). Anal. Caled for Cy;Hg As, (700): C, 63.45; H 4.45. Found:
C, 63.70; H, 4.35.

Preparation of the Tetranuclear Tripod Clusters. (a)
Co,(CO)[HC(PPh,);]. A 250-ml of sample of methylcyclohexane
containing 1.035 g (1.82 mmol) of HC(PPh,); was added dropwise
(during ca. 45 min) under nitrogen to a refluxing solution of
Co (CO),, (1.015 g, 1.77 mmol) dissolved in hexane (150 mL). The
refluxing was continued for a further hour and the solution allowed
to cool to room temperature. Deep green crystals precipitated
and were filtered, washed twice with hexane (50 mL), and dried
in vacuo (yield ca. 1.40 g, 75%). Recrystallization could be carried
out in benzene, dichloromethane, or THF on addition of hexane:
IR (ecm™ in CH,Cly) »gg 2050 (s), 2000 (s), 1975 (sh), 1780 (m);
3P NMR (CgD;CD;) +44.4 ppm (br s). Anal. Calcd for Cq-
Hj3,0,P3Co, (mol wt 1056): C, 52.30; H, 2.95; P, 8.80. Found: C,
51.35; H, 3.05; P, 8.05.

(b) Rh,(CO),[HC(PPh,);]. 1,1,1-Tris(diphenylphosphino)-
methane, HC(PPh,); (0.430 g, 0.75 mmol), in toluene (30 mL) was
added dropwise for 30 min at 25 °C to a rapidly stirred solution
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compd
mol wt

(caled)

TN <‘m0°~n

radiation, Mo Ko

takeoff angle

8 limits

scan mode
refletns collected
unique data used
std reflctns®
final R value
final R,, value

Table 1.

Crystal Data

Co (CO)6[(P(CGHS)2)JCH](n-toluene)

1063

22, 43 (2)

13.13(2) A

18.72 (3) A

106.724 (9)°

5282 A®

1.338 g/em?

4

14.17 em™!

A =10.71073 A from graphite
monochromator

2.9°

1.56-16°

w-20

6052

4045

400, 004, 040

0.09

0.11

¢ An intensity decrease of ca. 50% was observed and
corrected. This could be related to decomposition of the
crystal in the X-ray beam.

of Rh(CO),, (0.525 g, 0.70 mmol) in hexane (85 mL). Stirring
was continued for 5-6 h. The solution deepened from red to dark
red, and the deep red-purple crystals of Rh,(CO);HC(PPhy);
precipitated. The product was separated by filtering off the clear
orange supernatant solution, washed once with 5 mL of toluene
and then twice with hexane (50 mL), and dried in vacuo (yield
0.69 g, 80%). Recrystallization was achieved from THF-hexane
or CH,Cly-hexane: IR (cm™ in CH,Cly) vgg 2060 (s), 2010 (vs),
1990 (sh), 1840 (w, sh), 1803 (m); 1*C NMR (CD,Cl,, relative

intensity ratio 1:1:1) 242 (t, Rh-CO-Rh, Jg,c = 35 Hz), 190.2
(d, Rh—CO (rad), YWJgnc = 75 Hz), 187.7 and 185.1 ppm (2
overlapping q, Rh—-CO(ap), /g, ¢ = 65.4 Hz, 3Jp_¢ = 24 Hz); 3P
NMR (CD,Cl,) 18.0 (m), 14.4 ppm {(m, 'Jg; p = 133 Hz). Anal.
Caled for CgHgyOgP,Rh, (mol wt 1232): C, 44.80; H, 2.50; P, 7.55.
Found: C, 45.70; H, 2.90; P, 7.40.

(¢) Rh(CO);[HC(AsPh,);]. The complex was obtained as
described above for Rh,(CO)s[HC(PPh,);], employing 0.300 g of
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Rh,(CO)y; (0.40 mmol) in 45 mL of hexane and 0.320 g of HC-
(AsPhy); (0.44 mmol) in 15 mL of toluene. The crude purple
product was washed with pentane and recrystallized from the
THF-hexane mixture, yielding deep purple crystals of Rh,-
(CO)o[HC(AsPhy);]: vield 70%; IR (em™ in ChyCly) »cg 2065 (m),
2055 (sh, m), 2015 (s), 1990 (ms), 1848 (w), 1805 (m); 3C NMR

(CDyCly, relative intensity ratio 1:1:1) 242.8 (dt, Rh—-CO-Rh,
lJRh—CO-Rh = 30 He, zJRh—Rh—C =10 HZ), 189.5 (d, Rh—CO(rad),
YJru-c = 76 Hz), 186.6 ppm (d, Rh-CO(ap), lJ/gpc = 63 Hz). Anal.
Caled for C,gH3, OgAssRh, (mol wt 1364): C, 40.50; H, 2.30; As,
16.50. Found: C, 41.30; H, 2.60; As, 15.90.

(d) Ir,(CO)o[HC(PPh,);]. Method 1. A 0.572 g of Ir,(CO),,
(0.52 mmol) and 0.354 g of HC(PPh,); (0.62 mmol) in dry toluene
(75 mL) were heated under reflux until all the Ir,(CO);, was
dissolved, and the solution darkened from yellow to red (ca. 10
h). The resultant red solution was cooled and filtered to eliminate
any unreacted starting materials, and the filtrate was concentrated
to one-third volume. Addition of hexane precipitated the crude
product which was filtered off and dried in vacuo. Purification
was made by column chromatography on silica gel using di-
chloromethane as eluant. One band was eluted. The red eluate
was concentrated to low volume and excess hexane carefully
added. The mixture settled overnight at 25 °C and then was
cooled at -28 °C for several days. The yellow crystals of Ir,-
(CO)gHC(PPhy,); formed and were filtered off and dried in vacuo.

Method 2. Ir,{CO),; (0.34 g, 0.030 mmol) and K,CO; (0.18 g,
1.30 mmol) were stirred vigorously in methanol (35 mL) under
an atmosphere of CO until all Ir,(CO),, dissolved to yield a deep
yellow-orange solution of Ir,(CO);,H". A solution of HC(PPh,),
(0.196 g, 0.345 mmol) in toluene (15 mL) was added dropwise
during ca. 0.5 h, while the solution was refluxed under an at-
mosphere of CO. Heating (66—68 °C) under CO was maintained
for 12 h until the solution became red-orange. When the mixture
was cooled, yellow-orange crystals precipitated and were filtered
off and dried in vacuo. The resulting filtrate was concentrated
to small volume, yielding a second crop of the crude product.
Purification was achieved by recrystallization from CH,Cl,-MeOH
mixture (1:2 ratio): yield 0.24 g, 50%; IR (cm™ in CH,Cl,) »¢q
2060 (m), 2010 (s), 1970 (w), 1950 (w), 1785 (vw); 3'P NMR
(CD,Cly) -39.1 ppm (s, Avy ;3 = 3 Hz). Anal. Caled for CHy,;-
OyP;Ir, (mol wt 1588.8): C, 34.75; H, 1.95; P, 5.85. Found: C,
35.40; H, 2.20; P, 5.40.

Table II. Positional and Thermal Parameters for the Nongroup Atoms of Co,(CO),[HC(PPh,),][~-C.H,]¢
atom x y 2 B(11)® B(22)  B(33) B(12) B(13) B(23)
Co(1) 0.7227 (1)  0.0191(2) 0.1136 (1) 1.89(6) 6.1(2) 2.60(9) 0.13(9) 0.83(6) 0.0(1)
Co(2) 0.7899(1) -0.1082(2) 0.0817 (1) 2.06(7) b5.6(2) 2.93(9) 0.26(9) 1.01(6) 0.3(1)
Co(3) 0.8248 (1) 0.0694 (2) 0.1029 (1) 1.83(6) 5.7(2) 2.92(9) 0.19(9) 0.79 (8) 0.1(1)
Co(4) 0.8196(1) ~-0.0352(2) 0.2091(1) 2.42(7) 6.3(2) 2.62(9) 0.42(10) 0.88(8) 0.3(1)
P(1) 0.6686 (2) 0.0484 (4) -0.0029 (3) 1.6 (1) 5.9(4) 3.0(2) 0.2(2) 0.9(1) 0.1(2)
P(2) 0.7578 (2) —0.0957 (3) —0.0400 (2) 2.0(1) 5.4 (4) 2.8(2) 0.2 (2) 0.9(1) -0.2(2)
P(3) 0.7910(2)  0.1241(4) —0.0112(2) 1.8(1) 5.5(4) 2.8(2)  0.1(2) 0.8 (1) 0.3 (2)
C(1) 0.6712(9) 0.045 (2) 0.166 (1) 2.8 (6) 9(2) 4.0 (8) 0.8 (9) 2.2(6) -0.5(10)
O(1)  0.6402(6)  0.059 (1)  0.2036(8) 3.2(4) 17(2) 4.8(8)  1.0(7) 2.1(4) -0.4(8)
C(2) 0.7190 (8) —0.124 (1)  0.1209 (10) 2.8(6) 4(1) 3.5(8)  0.5(7) 1.7 (5) 0.6 (8)
0(2)  0.6908 (6) -—0.1915(10) 0.1382(7) 3.2(4) 7(1) 4.1(8) -0.9(8) 2.0 (4) 0.8 (6)
C(3) 0.8123(9) -0.238(2)  0.095 (1) 3.3(7)  6(2) 4.7(9)  1.1(9) 1.6 (6) 0 (1)
0(3)  0.8260(8) -0.321(1)  0.1052(9) 7.0(7) 7(1) 7.1(8)  3.1(8) 3.2 (6) 2.0 (9)
C(4) 0.8713(8) -0.053(1)  0.1010(9) 1.8(8) 5(1) 3.1(7)  0.0(7) 0.8(5) —0.8(8)
O(4)  0.9236(6) -0.0806(9) 0.1128(6) 1.9(4) 8(1) 4.4(5) 1.3 (5) 1.1(4) 0.2 (6)
C(5) 0.8900 (9) 0.146(2)  0.139 (1) 2.3(5) 8(2) 3.8(8) -1.0(8) 0.6 (5) —0.8(10)
O(5)  0.9330(7)  0.195(1) 0.1650(8) 3.1(5) 10(1) 6.4(8) -0.9(7) 1.0(5) —0.4(8)
C(8) 0.7723(8)  0.137(2)  0.1505(9) 2.0(5) 7(2) 27(7) 0.3(7) 1.0(5) -22(9)
O(8)  0.7694(5)  0.2113(10) 0.1844(7) 2.4(4) 7(1) 3.7(8)  0.3(5) 0.8 (3) -1.5(8)
C(7) 0.7230 (6)  0.037 (1) -0.0627 (8) 1.2(4) 5(1) 28(8)  0.1(86) 1.1(4) -1.3(7)
C(8) 0.7867 (10) -0.075(2)  0.299 (1) 4.2(7) 10(2) 2.9(8)  0(1) 1.6 (68) 1(1)
C(9) 0.8157 (10)  0.023 (2)  0.313 (1) 3.0(7) 11(2) 3.4(8)  1(1) 1.2 (8) 1(1)
C(10) 0.8777(10) 0.039(2)  0.3061(9) 3.0(8) 11(2) 1.7(7) 1.0(9) -0.3(5) 0.5 (9)
C(11) 0.9121(10) -0.046(2)  0.287 (1) 3.4(7) 8(2) 3.2(8) 0.7 (10) 0.8 (6) 0(1)
C(12) 0.884 (1) = -—0.142(2)  0.277 (1) 3.6(7) 8(2) 3.3(8) 1.4(10) 1.4 (8) 1.3 (10)
C(13) 0.822(1) -0.159(2)  0.283(1) 4.7(8) 8(2) 2.9(8) 1(1) 1.0 (7) 0.6 (10)
C(11)B 0.9794 (9) -0.029(2)  0.286 (1) 6.2(5) 8(2)

@ Estimated standard deviations in the least slgmflcant figure(s) are given in parentheses in this and all subsequent tables.
The form of the anisotropic thermal ellipsoid is exp[-(B(11)H* + B(22)k2 + B(33)* + 2B(12)hk + 2B(13)hl + 2B(23)k1)].

The quantities given in the table are the thermal coefficients x 103,

b Or B (A%).





Molecular Structure of (r-toluene) [HC(PH,)3] Co (CO)q

Table IV. Selected Interatomic Distances (&)
with Esd’s in Parentheses

Metal-Metal Bonds

Co(1)-Co(2) 2.438 (3) Co(1)-Co(4) 2.490 (3)
Co(1)-Co(3) 2.446 (3) Co(2)-Co(4) 2.479 (3)
Co(2)-Co(3) 2.456 (3)  Co(3)-Co(4)  2.448 (3)

Metal-Phosphorus Bonds
Co(1)-P(1) 2.202 (5)  Co(3)-P(3) 2.174 (5)
Co(2)-P(2) 2.188 (5)

Metal-Carbon Bonds

Co(1)-C(1) 1.75(2) Co(2)-C(4) 1.90 (2)
Co(1)-C(2) 1.89 (2) Co(3)-C(4) 1.93 (2)
Co(1)-C(6) 1.92 (2) Co(3)-C(5) 1.74 (2)
Co(2)~-C(2) 1.94 (2) Co(3)-C(6) 1.89 (2)
Co(2)-C(3) 1.77 (2)

Carbon-Carbon Bonds (n-Toluene Ligand)
C(8)-C(9) 1.44 (3) C(11)-C(12) 1.40 (3)
C(9)-C(10) 1.44(2) C(12)-C(13)  1.45 (3)
C(10)-C(11) 1.46 (3) C(13)-C(8) 1.44 (3)
C(11)-C(11b)  1.53(2)

Carbon-Oxygen Bonds
C(1)-0(1) 1.13 (2) C(4)-0(4) 1.18 (2)
C(2)-0(2) 1.19 (2) C(5)-0(5) 1.14 (2)
C(3)-0(3) 1.14 (2) C(6)-0(6) 1.17 (2)
Metal-Carbon (n-Toluene Ligand)
Co(4)-C(8) 2.09 (2) Co(4)-C(11)  2.17 (2)
Co(4)-C(9) 2.11 (2) Co(4)-C(12) 2.14 (2)
Co(4)-C(10) 2.14 (2) Co(4)-C(13) 2.13 (2)
Phosphorus-Carbon Bonds

P(1)-C(7) 1.89 (1) P(2)-C(32) 1.85 (1)
P(1)-C(14) 1.84 (1) P(3)-C(7) 1.93 (1)
P(1)-C(20) 1.86 (1) P(3)-C(38) 1.85 (1)
P(2)-C(7) 1.90 (1) P(3)-C(44) 1.84 (1)
P(2)-C(26) 1.84 (1)

(e) Co;Rhy(CO)[HC(PPh,);]. The complex was obtained as
described above for Rh,(CO)[HC(PPh,);], employing 0.17 g of
Co,Rhy(CO);5 (0.25 mmol) in 50 mL of hexane and 0.16 g of
HC(PPh,); in 20 mL of toluene. Recrystallization of the crude
product was made from the CH,Cl,-hexane mixture, yielding deep
violet crystals of Co,Rhy(CO)g[HC(PPhy);]: yield 70-80%; IR
(cm™ in CH,Cly) vcg 2040 (s), 2005 (vs), 1985 (sh), 1845 (w), 1805
{mw), 1785 (mw); *'P NMR (CD,Cl,, three signals, 1:1:1) 33.0 (br
S), 29.0 (d), 25.2 pPpm (d, 1JRh—P =137 HZ, 3Jp_p =184 HZ); 13C
NMR (CD,Cl,, relative intensity ratio 2:1:3:1:2) 246.3 (br d,

Co-CO-Rh, Jg,¢ = 20 Hz), 234.2 (t, Rh—-CO-Rh, Jp,. ¢ = 43 Hz),
205.2 (br s, Co—CO(ap)), 203.6 (br s, Co-CO(rad)), 189.2 ppm (dd,
Rh-CO(rad), gy = 72 Hz, %Jppc = 16 Hz). Anal. Caled for
C46H3109P3C02Rh2 (mol wt 1144): C, 48.25, H, 2.70, P, 8.10.
Found: C, 47.20; H, 2.80; P, 7.90.

(f) HFeCo,(CO)fHC(PPh,);]. This complex was prepared
conveniently as in method above for Co (CO)y[HC(PPh,);], em-
ploying 0.21 g of HFeCo3(CO),, (0.37 mmol) and 0.21 g of HC-
(PPh,); (0.37 mmol) and refluxed in hexane-methylcyclohexane
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for 2 h. The crude deep violet blackish product which precipitated
upon cooling was recrystallized from THF-hexane mixture (yield
0.28 g, ca. 70%): IR (em™ in CHyCly) yog 2045 (m), 2035 (m), 2010
(vs), 1970 (sh), 1930 (mw), 1810 (m), 1780 (m). 3P NMR (C¢-
D;CD;) +44.5 ppm (br s). Anal. Caled for CgH3,0,P;CosFe (mol
wt 1054): C, 52.40; H, 3.05; P, 8.80. Found: C, 50.45; H, 3.60;
P, 8.10.

Synthesis of M,(CO)y(tripod) Enriched in *CO (M, = Rh,,
Co,Rh,). The enriched M,(CO)q(tripod) complexes (about 35%
in 18CO) were obtained either by direct exchange reactions of the
complex with *CO (90%) trapped from a stock flask fitted to an
uptake line or by the reaction of tripod with previously enriched
parent cluster (M, = Rh,). !3C spectra of enriched samples
compared with natural abundance spectra revealed no detectable
preferential substitution of the carbonyl groups in the M,-
(CO)y(tripod) exchange reactions (M, = Rh,, Co,Rh,), whereas
the exchange reaction of *CO with Ir,(CO)o[HC(PPh,);] shows
that the apical Ir is the only detectable site of exchange.

Synthesis of Derivatives of Co,(CO);HC(PPh,);. (a) (=-
C;H;)Co,(CO)s[HC(PPhy);]. Co CO)q(tripod) (0.304 g, 0.288
mmol) was refluxed in 100 mL of toluene for 6 h during which
time the green solution darkened to deep brown. The solvent
was evaporated in vacuo to dryness, yielding the deep brown
m-toluene derivative. Recrystallization from benzene-hexane (1:1)
yields crystals of (w-C;Hg)Co,(CO)g(tripod)-CiHg which were
suitable for X-ray analysis (yield 0.27 g, ca. 90%): IR (cm™ in
CH,CLy) vgp 1970 (sh), 1955 (s), 1740 (m); 3P NMR (C,;Ds) +19.2
ppm (br s); *H NMR (CD,Cl;) 7.5-6.7 (m, aromatic H), 6.05 (m,
CgHj), 2.61 ppm (s, CH;). Anal. Caled for CggH ;04P;Co, (mol
wt 1142): C, 58.85; H, 3.90. Found: C, 59.15; H, 3.90.

(b) Co,(CO)s(PMe3)[HC(PPh,);]. The complex Co(CO),-
(tripod) (0.106 g, ca. 0.1 mmol) and PMe; (0.3 mL, ca. 2.76 mmol)
in dioxan (100 mL) were heated at 100 °C for 3 h. Almost pure
brown derivative was obtained by evaporation in vacuo of the
solvent. Purification was achieved by recrystallization from
CH,Cly-hexane; yield 90%; IR (cm™ in CH,Cl,) voo 2010 (s), 1970
(v, 8), 1950 (8, sh), 1760 (m), 1740 (m). Anal. Caled: for Cu-
H,,0gP,Co, (mol wt 1104): C, 52.20; H, 3.60; P, 11.20. Found:
C, 52.00; H, 4.20; P, 11.70.

X-ray Structure Determination of (7-C;H;)Co,(CO),-
[HC(PPh,);]. Data Collection. Preliminary Laue and pre-
cession photographs revealed that crystals of (w-C,Hg)Co,-
(CO)s[HC(PPhy,);] belong to the monoclinic system and show
systematic extinctions (hOl, [ = 2n + 1; 0k0, k = 2n + 1) consistent
with space group P2;/c. The crystal selected for intensity
measurements was sealed in a Lindeman capillary under dry
nitrogen. Data collection was made at 21 °C on a Enraf-Nonius
CAD4 diffractometer. The setting angles of 25 automatically
centered reflections chosen from diverse regions of reciprocal space
with 24° < 28(Mo) < 26° were refined by least-squares procedures
and used to calculate the cell constants. These cell constants and
other pertinent crystal data are presented in Table I. A total
of 6671 reflections were recorded out to 28(Mo) < 32°. A regular
intensity decrease up to 50% of the initial level was observed and
corrected with the use of three standard reflections periodically
measured every 2 h. This could be assigned to decomposition
of the crystal in the X-ray beam. Intensities were also corrected

Co(2)-Co(1)-Co(3)
Co(2)-Co(1)-Co(4)
Co(3)-Co(1)-Co(4)
Co(1)-Co(2)-Co(3)
P(1)-Co(1)-Co(2)
P(1)~Co(1)-Co(3)
C(1)-Co(1)-C(2)
C(2)-Co(2)-C(3)
P(1)-C(7)-P(2)
C(1)-Co(1)-Co(4)
C(2)-Co(13-Co(4)
C(2)-Co(2)-Co(4)
C(1)-Co(1)-P(1)
C(2)-Co(1)-P(1)
C(2)-Co(2)-P(2)

Table V. Selected Bond Angles (Deg), with Esd’s in Parentheses

60.39 (9)
60.39 (9)
59.45 (9)
59.97 (9)

94.6 (1)
97.7 (1)
95.7 (8)
94.3 (8)
103.6 (8)
103.4 (6)

73.1(6)
72.5 (5)

104.9 (6)
102.8 (5)
109.9 (5)

Co(1)-Co(2)-Co(4)
Co(3)-Co(2)-Co(4)
Co(1)-Co(3)-Co(2)
Co(1)-Co(3)-Co(4)
P(2)-Co(2)-Co(1)
P(2)-Co(2)-Co(3)
C(8)-Co(2)-C(4)
C(4)-Co(3)-C(5)
P(2)-C(7)-P(3)
C(3)-Co(2)-Co(4)
C(4)-Co(2)-Co(4)
C(4)-Co(3)-Co(4)
C(3)-Co(2)-P(2)
C(4)-Co(2)-P(2)
C(4)-Co(3)-P(3)

60.84 (9)  Co(2)-Co(3)-Co(4) 60.72 (9)
59.47 (9)  Co(1)-Co(4)-Co(2) 58.76 (9)
59.64 (9)  Co(2)-Co(4)-Co(3) 59.81 (9)
61.16 (9)  Co(8)-Co(4)-Co(1) 59.38 (9)
99.3 (1) P(3)-Co(3)-Co(1) 95.7 (1)
95.2 (1) P(3)-Co(3)-Co(2) 98.6 (1)
96.8 (8) C(5)-Co(3)-C(6) 96.4 (8)
95.1 (8) C(6)-Co(1)-C(1) 93.0 (8)
102.6 (7) P(1)-C(7)-P(3) 101.9 (7)
104.3 (7) C(5)-Co(3)-Co(4) 103.6 (8)
72.1(5) C(8)-Co(3)-Co(4) 72.5 (6)
72.4 (5) C(6)-Co(1)-Co(4) 71.1 (5)
102.5 (7) C(5)-Co(3)-P(3) 102.2 (6)
100.4 (5) C(6)-Co(3)-P(3) 102.7 (6)
107.2 (5) C(6)-Co(1)-P(1) 108.3 (5)
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for Lorentz and polarization effects and reduced to structure factor
amplitudes, using a p value of 0.03.% Only those 4045 unique
reflections having F,2 > 34(F,?) were used in subsequent calcu-
lations.

Solution and Refinement of the Structure. Atomic scat-
tering factors were taken from Cromer and Waber’s tabulation®
for all atoms except hydrogen, for which the values of Steward
et al. were used.” Anomalous dispersion terms? for Co and P
atoms were included in F,.

The direct method approach,® based on 650 normalized
structure factors, yielded the correct positions of the Co and P
atoms. All other atoms were located through the usual combi-
nation of structure factors calculations and difference Fourier
syntheses. After location of the molecular (7-C;Hg)Co,(CO)g-
(HC(PPh,); complex, a Fourier difference map revealed the
presence of a free benzene molecule in the lattice. This additional
molecule was included in the model. The six phenyl rings of the

(26) Bonnet, J. J.; Mosset, A.; Gally, J. Acta Crystallogr., Sect. B 1977,
B33, 2639.

(27) Cromer, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Table 2.2A.

(28) Steward, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.

(29) Cromer, D. T.; Liberman, D. J. J. Chem. Phys. 1970, 53, 3175.

(30) Besides local programs, modified versions of the following ones
were used in solution and refinement of the structure: MULTAN by Ger-
main; FORDAP, the Fourier Summation program by A. Zalkin; NULCS,
full matrix least squares refinement, by J. Ibers; ORFFE, error function
program, by Busing and Lersey; ORTEP, by Johnson. All calculations were
performed, on CII IRIS 80 computer at the Centre Interuniversitaire de
Calcul de Toulouse.

tripod ligand and the benzene molecule were entered as rigid
groups, including hydrogen atoms in idealized positions (Dg;
symmetry; C-C = 1.39 and C-H = 0.95 A). Anisotropic thermal
parameters were used for 27 atoms.

Full-matrix least-squares refinement of such a model led to R, F
= 0.09 and R, = 0.11 for the 4045 reflections. These relatively
high values have to be related to the significant decomposition
of the crystal in the X-ray beam.

Complete listing of positional and thermal parameters are given
in Table II, and selected interatomic distances and bond angles
are given in Tables IV and V.
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Cobalt tetracarbonyl hydride and styrene react in the presence of carbon monoxide to form ethylbenzene
and (a-phenylpropionyl)cobalt tetracarbonyl; both reactions are first order in HCo(CO), and PhCH=CH,
and independent of CO and Co,(CO)g concentration. The kinetic data suggest a common radical pair
intermediate for both reactions. (a-Phenylpropionyl)cobalt tetracarbonyl is not the final product of the
reaction: it slowly decomposes into ethylbenzene, CO, and Coy,(CO)q and partly isomerizes into (8-
phenylpropionyl)cobalt tetracarbonyl. Accordingly, among these acyl complexes the branched-chain isomer
is the kineticly controlled product and the straight-chain isomer the thermodynamicly controlled product.

Introduction

The reaction between HCo(CO), and olefin is regarded
as a component of the hydroformylation catalytic cycle in
the presence of cobalt carbonyls, and because of the in-
dustrial significance of hydroformylation, it has been re-
peatedly studied.! The main products of this stoichio-
metric reaction are aldehydes (at low olefin/HCo(CO),
ratios) or acylcobalt tetracarbonyls, RCOCo(CO), (at high
olefin/HCo(CO), ratios in the presence of CO). Saturated

(1) P. Pino, F. Piacenti, and M. Bianchi “Organic Synthesis via Metal
Carbonyls”, Vol. 2, I. Wender and P. Pino, Eds., Wiley, New York, 1977,
pp 43-135.

hydrocarbons are formed as byproducts.

Recent kinetic studies? suggested that with aliphatic
a-olefins an alkylcobalt tricarbonyl is the common inter-
mediate of hydrocarbon and acylcobalt tetracarbonyl
formation and that the carbonylation/hydrogenation ratio
is determined by the relative reactivities of this species
toward CO and HCo(CO),. Furthermore it was found that
CO inhibits and Coy{(CQ)g catalyzes these reactions.
Presumably the role of Co,(CO); is to generate radical
species and thereby to facilitate the substitution of a CO
ligand by an olefin in HCo(CO),.

(2) F. Ungvary and L. Marké, J. Organomet. Chem., 219, 397 (1981).
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lations.
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for all atoms except hydrogen, for which the values of Steward
et al. were used.” Anomalous dispersion terms? for Co and P
atoms were included in F,.
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atoms. All other atoms were located through the usual combi-
nation of structure factors calculations and difference Fourier
syntheses. After location of the molecular (7-C;Hg)Co,(CO)g-
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presence of a free benzene molecule in the lattice. This additional
molecule was included in the model. The six phenyl rings of the
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full matrix least squares refinement, by J. Ibers; ORFFE, error function
program, by Busing and Lersey; ORTEP, by Johnson. All calculations were
performed, on CII IRIS 80 computer at the Centre Interuniversitaire de
Calcul de Toulouse.

tripod ligand and the benzene molecule were entered as rigid
groups, including hydrogen atoms in idealized positions (Dg;
symmetry; C-C = 1.39 and C-H = 0.95 A). Anisotropic thermal
parameters were used for 27 atoms.

Full-matrix least-squares refinement of such a model led to R, F
= 0.09 and R, = 0.11 for the 4045 reflections. These relatively
high values have to be related to the significant decomposition
of the crystal in the X-ray beam.

Complete listing of positional and thermal parameters are given
in Table II, and selected interatomic distances and bond angles
are given in Tables IV and V.
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Cobalt tetracarbonyl hydride and styrene react in the presence of carbon monoxide to form ethylbenzene
and (a-phenylpropionyl)cobalt tetracarbonyl; both reactions are first order in HCo(CO), and PhCH=CH,
and independent of CO and Co,(CO)g concentration. The kinetic data suggest a common radical pair
intermediate for both reactions. (a-Phenylpropionyl)cobalt tetracarbonyl is not the final product of the
reaction: it slowly decomposes into ethylbenzene, CO, and Coy,(CO)q and partly isomerizes into (8-
phenylpropionyl)cobalt tetracarbonyl. Accordingly, among these acyl complexes the branched-chain isomer
is the kineticly controlled product and the straight-chain isomer the thermodynamicly controlled product.

Introduction

The reaction between HCo(CO), and olefin is regarded
as a component of the hydroformylation catalytic cycle in
the presence of cobalt carbonyls, and because of the in-
dustrial significance of hydroformylation, it has been re-
peatedly studied.! The main products of this stoichio-
metric reaction are aldehydes (at low olefin/HCo(CO),
ratios) or acylcobalt tetracarbonyls, RCOCo(CO), (at high
olefin/HCo(CO), ratios in the presence of CO). Saturated

(1) P. Pino, F. Piacenti, and M. Bianchi “Organic Synthesis via Metal
Carbonyls”, Vol. 2, I. Wender and P. Pino, Eds., Wiley, New York, 1977,
pp 43-135.

hydrocarbons are formed as byproducts.

Recent kinetic studies? suggested that with aliphatic
a-olefins an alkylcobalt tricarbonyl is the common inter-
mediate of hydrocarbon and acylcobalt tetracarbonyl
formation and that the carbonylation/hydrogenation ratio
is determined by the relative reactivities of this species
toward CO and HCo(CO),. Furthermore it was found that
CO inhibits and Coy{(CQ)g catalyzes these reactions.
Presumably the role of Co,(CO); is to generate radical
species and thereby to facilitate the substitution of a CO
ligand by an olefin in HCo(CO),.

(2) F. Ungvary and L. Marké, J. Organomet. Chem., 219, 397 (1981).

0276-7333/82/2301-1120801.25/0 © 1982 American Chemical Society
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Table 1.
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Initial CO Absorption Rates (rcp) and Initial Stoichiometric Hydrogenation Rates (rg) at 15 °C in n-Octane

Solution and the Observed Rate Constants (kco = rgo/[HCo(CO),][styrene] and ky = ry/[HCo(CO), ] [styrene] )
at Various Initial Concentrations

[HCo(CO),1, [styrene], [Co,(CO),]1, 10*[CO], 10¢rco, 10%ry, 10%kcqo, 10%ky,
M M M M Mt M:s™! M-tg™! M-ts™!

0.0097 0.139 0.048 1.085 4.1 3.1

0.0121 0.139 0.048 1.072 5.0 3.2 3.0 1.9
0.0153 0.139 0.048 1.086 6.5 3.1

0.0207 0.069 0.00 1.080 4.1 2.2 2.9 1.5
0.0208 0.137 0.00 0.392 7.0 4.5 2.5 1.6
0.0207 0.139 0.048 0.528 7.9 5.2 2.8 1.8
0.0207 0.139 0.00 0.532 8.0 4.7 2.8 1.6
0.0207 0.139 0.00 1.080 8.5 4.5 3.0 1.6
0.0208 0.140 0.00 1.066 8.4 4.5 2.9¢ 1.6¢
0.0207 0.297 0.00 1.078 17.8 10.3 2.9 1.7
0.0207 0.594 0.00 1.073 30 19 2.5 1.6
0.0209°% 0.139 0.00 1.063 17.3 10 6.0 3.4
0.0207 0.139 0.012 1.077 8.7 4.8 3.0 1.7
0.0207 0.139 0.048 1.086 8.6 4.5 3.0 1.6
0.0208 0.137 0.00 2.56 8.0 4.2 2.8 1.5
0.0207 0.139 0.00 2.45 8.9 4.7 3.1 1.6
0.0209% 0.139 0.048 1.063 17.0 10.3 5.9 3.5
0.0207 0.139 0.164 1.074 8.5 4.7 3.0 1.6
0.0290 0.139 0.048 1.081 12.9 3.2

0.0500 0.139 0.048 1.074 20.3 11.8 2.9 1.7
0.0831 0.139 0.048 1.086 33.9 2.9

0.0967 0.139 0.048 1.073 41 24 3.0 1.8

a1n darkness. ? DCo(CO),.

We now wish to report on the reaction between HCo-
(CO), and styrene which shows completely different kinetic

behavior.

Results

When styrene and HCo(CO), react in heptane solution,

the rates of ethylbenzene (reaction 1) and of (a-phenyl-
propionyl)cobalt tetracarbonyl formation (reaction 2) are
both first order in HCo(CQ), and styrene and independent
of CO and Co,(CO); concentration (Table I).34

PhCH=CH, + 2HCo(CO), —
PhCH,CH; + Coy(CO); (1)

PhCH=CH, + HCo(CO), + CO —
PhCH(CH,;)COCo(CO), (2)

d[ethylbenzene]
ry = —— ———— = ky[HCo(CO),][styrene]
d(CO)
reo = - i = koo[HCo(CO),][styrene]

The reaction rates are not influenced by the diffuse light
in the laboratory. Both reactions have a strong inverse
kinetic isotope effect, rH/rD = (.45 and rco(H)/rCO(D) =049
at 15 °C (Table I).

The primary products of the reaction are (a-phenyl-
propionyl)cobalt tetracarbonyl, ethylbenzene, and Co,(C-

(8) Similar kinetic characteristics were already found earlier for the
stoichiometric hydrogenation of 1,1-diphenylethylene® and derivatives,®
9-methylidenefluorene and related compounds,’ and styrene and deriv-
atives® with HCo(CO),. The rate of acylcobaltcarbonyl formation (CO
absorption) has not been determined, however.

(4) A slight decrease in rate of CO absorption can be observed at
Co4(CO)g concentrations near to saturation (Table III). The reason for
this effect is unclear.

(5) J. A. Roth and M. Orchin, J. Organomet. Chem., 182, 299 (1979).

(6) J. A. Roth and P. Wiseman, J. Organomet. Chem., 217, 231 (1981).

(7) T. E. Nalesnik and M. Orchin, J. Organomet. Chem., 199, 265
(1980).

O)s. In a secondary process some a-phenylpropion-
aldehyde is also formed by the reaction of HCo(CO), with
(a-phenylpropionyl)cobalt tetracarbonyl (reaction 3). This
reaction is of importance especially at low styrene/HCo-
(CO), ratios (Table II).

PhCH(CH,)COCo(CO), + HCo(CO), —=
PhCH(CH,)CHO + CO,(CO); (3)

The infrared spectrum of the reaction mixture just after
CO absorption has stopped shows »(CO) bands charac-
teristic of Co,(CO)s® and an acylcobalt tetracarbonyl.’ The
frequencies of the latter can be determined as 2105 (w),
2046 (vs), 2025 (vs), 2005 (vs), and 1699 (w) cm™ in hep-
tane'® after Coy(CO)g was freezed out at 78 °C. When
PhgP is added to the solution, the »(CO) bands of the acyl
shift to 2050 (w), 1985 (vs), 1961 (vs), and 1679 (m) cm™;
the monosubstituted derivative PhCH(CH3;)COCo(CO),-
(PPhg) can be crystallized. The 'H NMR spectrum of this
complex [6(C¢Dy) 1.42 (3 H, d), 4.68 (1 H, q), 6.9 (9 H, m),
7.1 (5 H, m), 7.4 (6 H, m)] supports the a-phenylpropionyl
structure.

The aldehyde in the reaction mixture shows a charac-
teristic »(CO) band at 1738 cm™ in the infrared spectrum.
It can be isolated as the 2,4-dinitrophenylhydrazone de-
rivative. The 'H NMR spectrum of this hydrazone [4-
(CeDg) 1.22 (3 H, d), 3.30 (1 H, m), 6.33 (1 H, d)] shows
that the aldehyde also has the branched structure in ac-
cordance with reaction 3.

If DCo(CO), is used instead of HCo(CO),, the acyl band
of PhCH(CH,D)COCo(CO), appears at 1703 cm™! and the
aldehyde band of PhCH(CH,;D)CDO at 1720 cm™. The
'H NMR spectra of the isolated derivatives confirm the
branched structure and show that only one deuterium

(8) G. Bor and L. Marké, Spectrochim. Acta, 16, 1105 (1960).

(9) L. Marks, G. Bor, G. Almésy, and P. Szabé, Brennst.-Chem., 44,
184 (1963).

(10) A very weak band at 2094 cm™! is probably due to a small amount
of PhACH(CH;)Co(CO),. This conclusion is based on the 2097-cm™ band
of the analogous p-MeC¢H,CH,Co(CO),.1!

(11) V. Galamb and G. Palyi, J. Chem. Soc., Chem. Commun., 487
(1982).
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Scheme I
PhCH==CH; + HCo(COl4
A
/’-\i 1
:
EPhCHCHa CO (CO)g1]
/ '\ .
. - +CO
PhCHCHz + Co(CQ)q PhCHCH3 Q—? PhCH==CH; s——;‘ PhCH2CH2C0(CO}4

A
HCo(CO '
(fm)l+ HCo(COl4 ColCON CotCOls ~Coj[+co
I
|
- co
PRCHzCHs + *Co(CO)e °°“* (tast) PhCH2CH2COCO(CO)4
PRCHCHz3
COCo(CON

/:n.dl HCo(CO)g

PhCHCHz + Co2(CO)s

CHO
2eCo{C0O4

atom is incorporated into the acyl complex but two deu-
terium atoms are incorporated into the aldehyde: PhCH-
(CH,;D)COCo(CO)3(PPhy) [6(CgDg) 1.42 (2 H, d), 4.68 (1
H, t)]; PACH(CH,D)CDNNHC H;3(NO,), [6(CsDg) 1.22 (2
H, d), 3.30 (1 H, t)].

If the reaction mixture is left standing at room tem-
perature, a slow evolution of CO sets in, and in a few days
30-60% of the CO absorbed is liberated. The rate of this
process is low; initial rates are as follows: r_cq = (0.72 X
10_2)7'00 at 10 OC, rco= (078 X 10_2)7'00 at 15 OC, and r_co
= (0.93 X 10)rgo at 25 °C.

This decarbonylation is accompanied by a gradual in-
crease of the amount of ethylbenzene and a change in the
»(CO) bands in the infrared spectrum. The acyl »(CO)
band at 1699 ecm™ of (a-phenylpropionyl)cobalt tetra-
carbonyl gradually decreases, and simultaneously the acyl
»(CO) band of (8-phenylpropionyl)cobalt tetracarbonyl
appears at 1715 cm™.'2 In accordance with this obser-
vation the acylcobalt tricarbonyl triphenylphosphine de-
rivatives obtained from the reaction mixture after several
hours are mixtures of the branched- and straight-chain
isomers. After 24 h at 20 °C (a-phenylpropionyl)cobalt
tetracarbonyl practically vanishes, and the triphenyl-
phosphine derivative of (8-phenylpropionyl)cobalt carbonyl
can be isolated.

In the case of PhCH(CH,D)COCo(CO), the same isom-
erization takes place and the acyl band of the 3-phenyl
isomer appears at about 1718 em™. The 'H NMR spec-
trum of the triphenylphosphine derivative [6(CgDg) 2.87
(m), 3.53 (m)] shows the presence of both possible deu-
terated §-phenylpropionyl isomers, PhCH,CHDCOCo-

(12) (8-Phenylpropionyl)cobalt tetracarbonyl was Prepared from
NaCo(CO), and PhCH,CH,COCI by the method of Heck.!* The terminal
»(CO) spectrum of this acylcobalt tetracarbonyl in heptane is identical
with that of the a-pheny! isomer; the acyl »(CO) band, however, appears
at 1715 cm™. The monosubstituted derivative PA\CH,CH,COCo(CO);-
(PPh;) has »(CO) bands at 2050 (w), 1984 (vs), 1961 (vs), and 1686 (w)
cm™! in heptane. The *H NMR spectrum of this complex shows unam-
biguously the straight-chain structure [6(C¢Ds) 2.87 (2 H, t), 3.53 (2 H,
t), 7.0~7.4 (20 H, m)).

(13) R. F. Heck and D. S. Breslow, J. Am. Chem. Soc., 84, 2499 (1962).

T==——= Co0,(C0)g

(CO);(PPh,) and PhCHDCHzcoco(CO)a(PPha), in about
equal amounts.

Discussion

We propose the mechanism shown on Scheme I for the
observed reactions.

Assuming steady-state concentration for the interme-
diate radical pair and not including &_ since it is negligible
as compared to k(r_cg < rcg), the following equations are
obtained for the initial rates:

ru = k[PhCHCH,, Co(CO),] =

ekl
m [PhCH=CH,][HCo(CO),}

b = keky
H™ k. +k, +E,
rco = kc[PhCHCH3, CO(CO)4] =

m [PhCH CHZ] [HCO(CO)4]

k _ kckl
O™ g, +k, +k,

T'co kco k.

' kH ke

The relative rates of carbonylation and hydrogenation
are determined by the ratio of the rate constants for the
coupling reaction k. and the escape reaction k, of the
radical pair. The relative values of these constants are not
influenced by any of the reactants since both processes
may be regarded as monomolecular. The ratio of the two
reaction rates is therefore constant, e.g., 1.79 at 156 °C.
When the temperature is increased, the relative rate of
hydrogenation increases (Table III).

The supposed radical pair character of the common
intermediate is in accordance with the branched-chain
structure of the primary acylcobaltcarbonyl product which
proves that the hydrogen of HCo(CO), is transferred ex-
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clusively to the terminal carbon atom of the double bond.
The inverse kinetic isotope effect is similar to that observed
by Halpern for the hydrogenation of a-methylstyrene by
HMn(CO);* and by Orchin for the hydrogenation of 1,1-
diphenylethylene by HCo(CO),% in which for both cases,
similar radical pair intermediates were proved unambig-
uously.!#15 Tt should be mentioned here that also for the
hydrogenation of 9-ethylidenefluorene’ by HCo(CO), and
a-methylstyrene by HM(»n?-CsH;)(CO); (M = Mo, W)18
inverse kinetic isotope effects were found.

We have no strong evidence for or against the reversi-
bility of step 1 at the moment, which was assumed by
analogy.® The incorporation of one D atom into (a-
phenylpropionyl)cobalt tetracarbonyl if DCo(CO), is used
suggests k_; to be very small, the inclusion or omittance
of k_; does not influence the kinetic evaluation of the
results, however.

The kinetic experiments were performed with a large
excess of styrene over HCo(CO), (Table I). The formation
of aldehydes according to reaction 3 is negligible under
such conditions and does not interfere with the kinetic
results especially since initial rates were measured and
evaluated. If HCo(CO), is used in about equimolar
amounts, most of the (a-phenylpropionyl)cobalt tetra-
carbonyl formed is transformed into a-phenylpropion-
aldehyde within the reaction time needed to complete CO
absorption (Table IT). The rate of reaction 3 is apparently
comparable with the rate of acylcobalt carbonyl formation,
but we did not investigate this process in more detail

If a large excess of styrene is used, the total measured
amount of absorbed CO agrees well with the amount which
can be calculated from the k¢g/ky ratio. For example at
15 °C this ratio is 1.79 from which the absorption of 0.473
mol of CO/mol of HCo(CO), can be calculated, and the
experimental value is 0.46 mol (Table II). This shows that
the reaction continues at the initial rate up until 100%
HCo(CO), conversion. Obviously the amount of absorbed
CO is lower if no large excess of styrene is present, since
in this case the formation of aldehydes (reaction 3) also
uses hydride. Increasing the temperature of the reaction
also diminishes CO absorption since k¢o/ky decreases
(Table III). On the other hand, large concentrations of
Co,(CO)g increase CO absorption (Table II) probably by
increasing [-Co(CO),] and thereby the probability of
PhCHCH, and -Co(CO), radical recombinations.

The acyl complex formed initially is the branched-chain
isomer PhCH(CH;)COCo(CO), as shown by the ‘H NMR
spectrum of its PPh, derivative. The aldehyde which is
formed if higher concentrations of HCo(CO), are used is
also the branched isomer PhCH(CH;)CHO, again sup-
ported by the 'H NMR spectrum of its dinitrophenyl-
hydrazone. The amount of linear isomers in samples
prepared immediately after the reaction is completed at
15 °C has to be less than 5% as can be estimated from the
NMR spectra.

Unexpectedly, (a-phenylpropionyl)cobalt tetracarbonyl
is not stable in heptane solution at room temperature, not
even under 1 atm of CO. It is slowly transformed into its
straight-chain isomer, PACH,CH,COCo(CO),. The rate
of this reaction is about 2 orders of magnitude smaller than
the rate of (a-phenylpropionyl)cobalt tetracarbonyl for-
mation. This ratio of reaction rates is in agreement with
the observation that the primary acyl complex is at least
95% branched chain isomer. We propose the mechanism

(14) R. L. Sweany and J. Halpern, J. Am. Chem. Soc., 99, 8335 (1977).

(15) T. E. Nalesnik and M. Orchin, Organometallics, 1, 223 (1982).

(16) R. L. Sweany, D. S. Comberrel, M. F. Dombourian, and N. A.
Peters, J. Organomet. Chem., 216, 57 (1981).

Unguvéry and Marké

shown on Scheme I for this isomerization.!”

The equilibrium between the two acyl complexes is
shifted far toward the straight-chain isomer. This is an-
other example of the unusually low stability of phenyl-
acetylcobalt tetracarbonyls as compared to other aliphatic
cobalt carbonyl complexes. It has been demonstrated
already several years ago that phenylacetylcobalt tetra-
carbonyl and its PPh; derivatives easily lose CO and be-
come the benzyl complexes.!?

Accordingly, in the reaction between styrene, HCo(CO),,
and CO, (a-phenylpropionyl)cobalt tetracarbonyl is the
kineticly controlled product and the 8 isomer is the
thermodynamicly controlled one. At low temperatures and
short reaction times when kinetic factors determine
product composition, the branched isomer predominates;
at higher temperatures and longer reaction times when the
system can approach equilibrium more closely, the
straight-chain isomer will be the main product. The
structure of aldehydes formed in catalytic hydro-
formylation is obviously determined by the structure of
the intermediate acyl complexes. Since it can be assumed
that the ratio of aldehyde isomers should correlate to a
certain extent with the ratio of acyl complex isomers in
the reaction mixture, it may be expected that the amount
of straight-chain aldehyde obtained by hydroformylating
styrene should increase with increasing temperature.
Recent work® proves that this is actually the case between
60 and 120 °C.

CO+H,
PhCH—=CH, HCo(CO),

PhCH,CH,CHO + PhCH(CH;)CHO

Finally it should be mentioned that even (8-phenyl-
propionyl)cobalt tetracarbonyl is not indefinitely stable
in octane solution at room temperature. When the reaction
products are stored for several days, CO is slowly evolved
and additional amounts of ethylbenzene and Co,(CO); are
formed. A small but finite value for £_; (i.e., the not strictly
irreversible character of radical pair formation) resulting
in the slow evolution of HCo(CO), may explain this pro-
cess. Furthermore, bands appear in the IR spectrum which
belong to new and up until now not identified cobalt
carbonyls. The investigation of these complexes is in
progress.

Experimental Section

Styrene and n-octane were distilled under carbon monoxide.
A stock solution of HCo(CO), was prepared in n-octane. The
frozen solution can be stored over dry ice for more than 1 month
without change. DCo(CQ), was prepared from HCo(CO), solutions
by exchange with D,0.2! Isotopic purity was >95% % as cal-
culated from mass spectrometric measurements. The concen-
trations of these solutions were determined by alkaline titration.

Kinetic runs were performed under CO in a gasometric ap-
paratus by using an appropriate large buffer flask connected to
the leveling vessel of the gas burette. Experiments were run
between 291- and 2820-mbar total pressure. The reaction was
started by injecting styrene into the vigorously stirred and
thermostated solutions of HCo(CO),. The initial rate of CO

(17) Isomerization of acylcobalt carbonyls has been already proposed
by Takegami!® to explain some results obtained in the reaction of olefins
with HCo(CO),. In that work the structure of the acyl complexes was
inferred from the structure of esters obtained by decomposing the acyl
complexes in ethanol solution by I,.

(18) Y. Takegami, C. Yokokawa, Y. Watanabe, H. Masada, and Y.
Okuda, Bull. Chem. Soc. Jpn., 37, 1190 (1964).

(19) Z. Nagy-Magos, G. Bor, and L. Markg, J. Organomet. Chem., 14,
205 (1968).

(20) C. Botteghi, M. Branca, M. Marchetti, A. Saba, J. Organomet.
Chem., 161, 197 (1978).

(21) L. Roos, Ph.D. Dissertation, University of Cincinnati, Cincinnati,
OH, 1965, p 81.
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uptake was calculated from the change of gas volume by time.
The amount of ethylbenzene was measured after a few percent
of HCo(CQ), conversion by gas chromatography (Hewlett-Packard
5830/A, SE 30 10-m glass capillary column, 40 °C, 2 mL of
Ar/min) from the reaction mixtures after being quenched with
pyridine. An aluminum foil covered reaction vessel was used to
run the reaction in darkness.

The 2,4-dinitrophenylhydrazone was prepared by adding
10% molar excess of perchloric acid stabilized 2,4-dinitro-
phenylhydrazine in water to the reaction mixture followed by
cooling overnight in the refrigerator and filtration of the pre-
cipitate.

The PPh;-substituted acylcobalt carbonyls were prepared
by adding 20% molar excess of PPh; (based on Co) in heptane

to the product mixture after the Co,(CO)g crystals have been
removed at —78 °C. Pale yellow crystals formed overnight.

The infrared spectra were made after Coy(CO)g has been re-
moved by crystallization at 78 °C, from the pale yellow super-
natant solution with compensation of the solvent, styrene, and
traces of remaining Co,(CO)g.
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The bis(olefin)rhodium(I) poly(1-pyrazolyl)borato complexes HB(pz);Rh(C;H,),, 1, HB(pz);Rh(cod),
2, and B(pz),Rh(LL) (LL = (C;H/),, 3; LL = cod, 4; LL = nbd, 5; LL = duroquinone, 6) and related species
have been prepared, and their physical and chemical properties have been investigated. !H NMR mea-
surements in CDCl, at room temperature indicate rapid exchange of all pyrazolyl groups of B(pz), in 3-5.
In 6, pyrazolyl group exchange is slow at room temperature but rapid at 85 °C. The olefin ligands in 1,
2, 4 and 6 are kinetically labile and are displaced by CO at atmospheric pressure to give the new rhodium(I)
carbonyl complexes [RB(pz);]Rhy(CO)5 (8, R = H; 9, R = pz). A structure involving three u-CO ligands
is proposed for these complexes on the basis of IR data. 9 reacts with iodine to give the Rh(III) complex
B(pz),RhI;,(CO) (14) and similar complexes have been isolated from the reaction of 8 with Cl, and I, and
of 9 with Br, and C;F;I. Lewis bases displace CO from the Rh(III) complexes, e.g., with triphenylphosphine
14 yields B(pz)RhI,(PPhj) (17). Crystals of B(pz),RhI;(CO) (14) are monoclinic of space group C2/c with
eight molecules in a unit cell of dimensions a = 22.713 (2) A, b = 12.249 (2) A, ¢ = 15.211 (2) A, and 8
= 94.29 (1)°. The structure was solved by the heavy-atom method and refined by full-matrix least-squares
calculations; R = 0.066 for 4061 reflections with I > 30(J). There is disorder (2/3:1/3) of one of the iodine
atoms and the CO ligand. The rhodium atom has octahedral coordination. The nondisordered Rh-I bond
‘}ias a length of 2.634 (1) A, and the B(pz),Rh moiety has normal geometry with Rh-N = 2.039-2.082 (7)

Introduction
Two important groups of bis(olefin)rhodium(I) com-
plexes are typified by the four-coordinate, 16-electron,
2,4-pentanedionato derivative (acac)Rh(C,H,), and the
five-coordinate, 18-electron, n-cyclopentadienyl species
{(n*-CsH;)Rh(C,H )., respectively. The contrasting struc-
tural® and chemical®® properties of these and related

(1) (a) Department of Chemistry, University of Guelph, Guelph, On-
tario, Canada N1G 2W1. (b) Department of Chemistry, University
College, Cork, Republic of Ireland.

(2) Cramer, R. J. Am. Chem. Soc. 1964, 86, 217.
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(6) Cramer, R. J. Am. Chem. Soc. 1972, 94, 5681 and references
therein.

complexes have received much attention in recent years.
(Hydrotris(1-pyrazolyl)borato)bis(ethylene)rhodium(I),
HB(pz);Rh(C,H,), (pz = 1-pyrazolyl, 1; originally described
by Trofimenko®) is a potential bridge between the two
groups of olefin complexes described above. The hydro-
tris(1-pyrazolyl)borato ligand may function as a bidentate
ligand (resembling acac) or in a tridentate fashion (formally
analogous to cyclopentadienide).’® Thus complex 1 may
exist as a four-coordinate, 16-electron square-coplanar
rhodium(I) complex, la, or as a trigonal-bipyramidal
five-coordinate 18-electron species, 1b. In solution a dy-

(7) Cramer, R.; Sewell, L. P. J. Organomet. Chem. 1975, 92, 245.

(8) Herberhold, M.; Wiedersatz, G. O. Chem. Ber. 1976, 109, 3557.
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497,
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uptake was calculated from the change of gas volume by time.
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namic la — 1b interconversion is also possible and has
been observed in related systems (e.g., B(pz) /Pt(CHy)-
(CO)1Y), The 'H NMR spectrum of 1 showed that all three
pyrazolyl groups were equivalent on the NMR time scale,
as were all ethylene protons.? Complex 1 must therefore
be stereochemically nonrigid. However the available ev-
idence did not give any information on the nature of the
dynamic processes involved, nor did it indicate which of
the possible static structures, 1a or 1b, is lower in energy.
We describe here the synthesis of a variety of bis(ole-
fin)rhodium(I) complexes of the type RB(pz);Rh(LL) (R
= H or pz; LL = (C;H,), or a chelating unconjugated
bis(olefin)) and their use as starting materials for the
preparation of new rhodium(I) and rhodium(III) poly(1-
pyrazolyl)borato complexes. The crystal and molecular
structure of a representative example of the latter, B-
{pz),RhI,(CO), is also discussed. In subsequent papers we
will describe the X-ray crystallographic characterization
of three of the bis(olefin)rhodium(I) polypyrazolylborato
complexes!? and present a detailed NMR study of their
dynamic properties in solution.!®* Some of the material
described here has previously appeared in an abbreviated
form.

Experimental Section

Potassium salts of the dihydrobis-, hydrotris- and tetrakis(1-
pyrazolyl)borate anions were prepared as described by Trofi-

menko.’* The olefin complexes [(C.H,);RhCl],,* [(cod)RhC1],*"

(cod = 1,5-cyclooctadiene), [(nbd)RhCl],*® (nbd = norbornadiene),
and [(dg)RhCl),!® (dq = duroquinone), as well as [(CO),RhCl],*
were synthesised by literature procedures. The preparation of
HB(pz)sRh(C,H,), has been described by Trofimenko.? All other
reagents and solvents were commerical samples and were used
as received. IR spectra were recorded on Perkin-Elmer 257 and
457 spectrophotometers and were calibrated with respect to the
spectrum of a standard polystyrene film. Proton NMR spectra

(11) Manzer, L. E.; Meakin, P. Z. Inorg. Chem. 1976, 15, 3117.

(12) Cocivera, M.; Ferguson, G.; Kaitner, B.; Lalor, F. J.; O’Sullivan,
D. J.; Parvez, M.; Ruhl, B.; part 2 following in this issue.

(13) Cocivera, M.; Ferguson, G.; Lalor, F. J.; Szczecinski, P.; part 3
following in this issue.

(14) O’Sullivan, D. J.; Lalor, F. J. J. Organomet. Chem. 1974, 65, C47.

(15) Trofimenko, S. J. Am. Chem. Soc. 1967, 89, 3170.

(16) Cramer, R.; McCleverty, J. A.; Bray, J. Inorg. Synth. 1973, 15, 14.

(17) Chatt, J.; Venanzi, L. M. J. Chem. Soc. 1957, 4735.

(818) Abel, E. W.; Bennett, M. A.; Wilkinson, G. J. Chem. Soc. 1959,
3178.

(19) Schrauzer, G. N.; Dewhirst, K. C. J. Am. Chem. Soc. 1964, 86,
3265

(26) McCleverty, J. A.; Wilkinson, G. Inorg. Synth. 1966, 8, 211.
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were determined on a Perkin-Elmer/Hitachi R20A instrument
operating at 60 MHz. Microanalyses were by the staff of the
microanalytical laboratory of University College, Cork, Republic
of Ireland.

Thallium(I) Tetrakis(l-pyrazolyl)borate. Saturated
aqueous solutions of thallous formate (5.77 g, 23.15 mmol) and
KB(pz), (7.36 g, 23.15 mmol) were mixed at room temperature.
The resulting thick white precipitate was collected by filtration,
washed with water and ethanol, and dried in vacuo over P,0;.
The yield of TIB(pz), was 8.2 g (73%): mp 203-207 °C; 'H NMR
(CDCl;, Me,Si) 7 2.38 (s, 4 H), 2.62 (d, J = 2.55 Hz, 4 H), 3.72
(t, J = 1.95 Hz, 4 H). Anal. Caled: C, 29.80; H, 2.48; N, 23.18.
Found: C, 29.51; H, 2.53; N, 23.69.

Preparation of B(pz),Rh(C,H,), (2). Solid T1B(pz), (0.615
g, 1.27 mmol) was added portionwise over 15 min to a stirred
solution of [(C,H,);RhCIl], (0.25 g, 0.64 mmol) in 40 mL of dry
ether and 10 mL of dry tetrahydrofuran at —70 °C under a nitrogen
atmosphere. The solution was stirred for 10 min at -70 °C and
then allowed to warm to room temperature over 15 min. After
rapid filtration under nitrogen the solvent was removed in vacuo
at 40 °C to give a pale yellow unstable solid which was charac-
terized by means of its 'H NMR spectrum (see Discussion).

Preparation of B(pz),Rh(dq) (6) and Related Compounds.
A solution of [(dg)RhCl], (0.90 g, 1.5 mmol) and KB(pz), (0.94
g, 3.0 mmol) in ca. 20 mL of N,N-dimethylformamide was stirred
under nitrogen for ca. 24 h and then poured into ca. 100 mL of
water. The mixture was extracted with CH,Cl, until the extracts
were colorless. The combined extracts were washed thoroughly
with water, dried (MgSO,), and reduced to small volume in vacuo.
The concentrated solution was poured onto a 3 X 16 cm column
of neutral alumina. Washing the column with CH,Cl, under gentle
suction (water pump) eluted a yellow band containing a little
duroquinone. Further elution with methanol removed the main
product, orange B(pz),Rh(dq), which was further purified by
recrystallization from CH,Cl,~hexane; yield 1.19 g (73%). The
complexes HB(pz);Rh(cod) (2), B(pz),Rh(cod) (4), B(pz),Rh(nbd)
(5), and HyB(pz),Rh(cod) (7) were prepared in a similar fashion?
omitting the chromatography step (yields 80-90%).

Preparation of [HB(pz);]1,Rh,(CO); (8) and Related Com-
pounds. Method A. HB(pz);Rh(C,H,), (0.18 g, 0.48 mmol) or
HB(pz);Rh(cod) (0.20 g, 0.47 mmol) were dissolved in ca. 300 mL
of dry benzene, and a slow stream of CO was passed through the
stirred solution for 24 h. Solvent was removed in vacuo, and the
pale greenish-yellow product was washed with benzene and CH,Cl,
and dried in vacuo over P,0y; yield 0.14 g (82%).

Method B. A solution of [(CO),RhCl], (0.40 g, 1.03 mmol) in
the minimum volume of CH,Cl, was treated dropwise under
nitrogen with a concentrated methanolic solution of KHB(pz),
(0.52 g, 2.06 mmol). The resulting greenish yellow precipitate
was collected by filtration, washed with water, acetone, and ether,
and dried in vacuo over P,0j; yield 0.42 g (63%). The analogous
complex, B(pz) Rhy(CO); (9) was prepared from [(cod)RhCl],
(97% yield) or [(dq)RhCl], (65% yield) by method A. Treatment
of H,B(pz);Rh(cod) (7) with CO according to method A yielded
H,B(pz),Rh(CO), (10) in ca. 70% yield.

Preparation of HB(pz);RhI,CO (12) and Related Com-
pounds. An ethereal solution of iodine (0.35 g, 1.40 mmol) was
added dropwise under nitrogen to a rapidly stirred suspension
of [HB(pz);]Rhy(CO); (0.5 g, 0.7 mmol) in ca. 30 mL of CH,Cl,.
The reaction mixture was sitrred overnight at room temperature
and filtered and the solvent removed in vacuo. The dark red
crystalline residue was washed with water, dried in vacuo over
P,0;, and recrystallised from CH,Cl,~hexane; yield 0.75 g (90%).
The complexes HB(pz);RhCl,(CO) (11), B(pz),RhBr,(CO) (13),
B(pz)RhI,(CO) (14), and B{pz),RhI(CsF;)(CO) (15) were prepared
similarly in 75-90% yield except that for 15 an excess of C;F;I
was employed. 'H NMR (CDCl;, Me,Si): 12, 6 8.54 (d, J = 2.55
Hz, 1 H; H3/5 of pyrazolyl group trans to CO), 8.06 (d, J = 1.65
Hz, 2 H: H3/5 of pyrazolyl groups trans to I), 7.77 (d, J = 2.25
Hz, 3 H; 5/3 of pyrazolyl groups), 6.32 (t, J = 2.40 Hz, 3 H; H4

(21) King, R. B.; Bond, A. J. Organomet. Chem. 1974, 73, 115. This
paper also reports complexes 2, 4, and 7.

(22) A preliminary account of the preparation of 11 by this route
(Borkett, N. F.; Bruice, M. L. J. Organomet. Chem. 1974, 65, C51) ap-
peared simultaneously with our own preliminary report.!*
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Table II. Interatomic Distances (A) and Angles (Deg) for 14
(a) Bond Lengths

Rh-I(1) 2.634 (1) N(22)-C(23) 1.38 (1) C(24)-C(25) 1.36 (1)

Rh-1(2) 2.649 (1) N(31)-N(32) 1.36 (1) C(33)-C(34) 1.37 (1)

Rh-I(3) 2.521 (2) N(31)-C(35) 1.34 (1) C(34)-C(35) 1.41 (1)

Rh-N(11) 2.039 (7) N(32)-C(33) 1.33 (1) C(43)C(44) 1.36 (2)

Rh-N(21) 2.082 (7) N(41)-N(42) 1.39 (1) C(44)-C(45) 1.35 (2)

Rh-N(31) 2.075 (7) N(41)-C(45) 1.42 (1) B-N(12) 1.52 (1)

N(11)-N(12) 1.36 (1) N(42)-C(43) 1.26 (2) B-N(22) 1.56 (1)

N(11)-C(15) 1.32 (1) C(138)-C(14) 1.33(2) B-N(32) 1.55 (1)

N(12)-C(13) 1.36 (1) C(14)-C(15) 1.36 (2) B-N(41) 1.49 (1)

N(21)-N(22) 1.34 (1) C(23)-C(24) 1.42 (2) c-Cl1 1.83(2)

N(21)-C(25) 1.36 (1)

(b) Bond Angles

I(1)-Rh-I(2) 88.9 (1) B-N(12)-C(13) 130.9 (8) C(13)-C(14)-C(15) 106.5 (8)
I(1)-Rh-I(3) 90.7 (1) N(11)-N(12)-C(13) 106.7 (7) N(11)-C(15)-C(14) 109.6 (9)
I(1)-Rh-N(11) 91.5 (2) Rh-N(21)-N(22) 121.2 (5) N(22)-C(23)-C(24) 105.7 (9)
I(1)-Rh-N(21) 176.3(2)  Rh-N(21)-C(25) 130.9 (7) C(23)-C(24)-C(25) 106.5 (8)
I(1)-Rh-N(31) 91.0 (2) N(22)-N(21)-C(25) 107.5 (7) N(21)-C(25)-C(24) 109.9 (8)
I(2)-Rh-1(3) 83.2 (0) B-N(22)-N(21) 117.4 (6) N(32)-C(33)-C(34) 110.9 (9)
I(2)-Rh-N(11) 95.8 (2) B-N(22)-C(23) 132.3 (8) C(33)-C(34)-C(35) 103.5 (8)
1(2)-Rh-N(21) 93.5 (2) N(21)-N(22)-C(23) 110.3 (7) N(31)-C(35)-C(34) 109.9 (9)
I(2)-Rh-N(31) 178.1(2)  Rh-N(31)-N(32) 121.0 (5) N(42)-C(43)-C(44) 116.1 (12)
I(3)-Rh-N(11) 177.6 (2) Rh-N(31)-C(35) 131.2 (6) C(43)-C(44)-C(45) 104.0 (10)
1(3)-Rh-N(21) 92.5(2)  N(32)-N(31)-C(35) 107.2 (7) N(41)-C(45)-C(44) 107.6 (10)
I(3)-Rh-N(31) 94.9 (2) B-N(32)-N(31) 117.1 (6) N(12)-B-N(22) 107.5 (7)
N(11)-Rh-N(21) 85.4 (3) B-N(32)-C(33) 134.4 (8) N(12)-B-B(32) 109.6 (7)
N(11)-Rh-N(31) 86.1 (3) N(31)-N(32)-C(33) 108.6 (7) N(12)-B-N(41) 109.8 (7)
N(21)-Rh-N(31) 86.7 (3) B-N(41)-N(42) 124.6 (7) N(22)-B-N(32) 106.2 (6)
Rh-N(11)-N(12) 117.7 (5) B-N(41)-C(45) 127.5 (8) N(22)-B-N(41) 112.4 (7)
Rh-N{11)-C(15) 134.3 (7) N(42)-N(41)-C(45) 106.5 (8) N(32)-B-N(41) 111.3(7)
N(12)-N(11)-C(15) 107.9 (8) N(41)-N(42)-C(43) 105.8 (10) Cl-C-Cl 124.7 (10)
B-N(12)-N(11) 122.4 (7) N(12)-C(13)-C(14) 109.2 (9)

of pyrazolyl groups); 14, § 8.57 (d, J = 1.87 Hz; H3/5 of pyrazolyl
group trans to CO), 8.17 (d, J = 1.80 Hz, 2 H; H3/5 of pyrazolyl
groups trans to I), 7.88 (d, j = 2.25 Hz, 4 H; H5/3 of coordinated
pyrazolyl groups and H3/5 of uncoordinated pyrazolyl group),
7.39 (d, J = 2.62 Hz, 1 H; H5/3 of uncoordinated pyrazolyl group),
6.57 (t, J = 2.25 Hz, 1 H: H4 of uncoordinated pyrazolyl group),
6.25 (t, J = 1.87 Hz, 3 H; H4 of coordinated pyrazolyl groups).

The dark red crystals of 14 obtained upon recrystallization from
CH,Cl,-Hexane were unstable in air due to loss of solvent of
crystallization. For the crystal structure analysis a fresh small
(0.33 X 0.29 X 0.19 mm) crystal was selected and quickly covered
with epoxy cement.

Crystal data for ClgHuBIgHsORh' 1/2(CH2C12)1 Mr = 706.3;
monoclinic; @ = 22.713 (2) A, b = 12.249 (2) A, ¢ = 15.211 (2) A,
8 =94.29 (1)°, U = 4220.0 A, Z = 8, Doyyeq = 2.22 g cm™3, F(000)
= 2648, A = 0.71069 A, u(Mo Ka) = 36.1 cm™. Systematic
absences hkl when h + k = 2n + 1 and h0l when both h = 2n
+ 1 and [l = 2n + 1 allow the space group to be either C2/¢ or
Cc. C2/c was chosen and confirmed by the successful analysis.

Accurate cell parameters were obtained by a least-squares
refinement of the setting angles of 12 reflections (with 4 in the
range 10-20°) measured on a Hilger and Watts four-circle Y290
diffractometer. Intensity data were collected in our usual way?®
to a maximum 6 of 27°, and 4613 unique data were obtained. After
corrections for Lorentz, polarization effects, and absorption
(transmission coefficients 0.38-0.54), the data with I > 3¢(J) (4061)
were labeled observed and used in structure solution and re-
finement. All calculations were carried out on the Amdahl V5
computer with our programs for data reduction; the SHELX*
program system was used in subsequent calculations.

Structure Solution and Refinement. The structure was
solved via the Patterson function and subsequent heavy-atom-
phased F, maps. The Patterson function did not have the dis-
tribution of peaks expected from a RhI, moiety; the presence of
additional large peaks was taken as evidence for some positional
disorder of the iodines and the CO group similar to that observed
with Cl and O atoms in HB(Meypz)sMoOCl,,2 and this was es-

(23) Alyea, E. C,; Dias, S. A,; Ferguson, G.; McAlees, A. J.; McCrindle,
R.; Roberts, P. J. J. Amer. Chem. Soc. 1977, 99, 4985.

(24) Sheldrick, G. M., SHELX Crystallographic Program System,
University Chemical Laboratories, Cambridge, England, 1976.

tablished from subsequent electron density maps. From these
maps it was apparent that one of the I atoms (I(1)) is little affected
by disorder but the other iodine atom (I(2)) and the carbonyl group
were obviously disordered; no clear maxima could be discerned
for a C-O group in electron density maps, any electron density
being effectively swamped by the disordered iodine atom. Ac-
cordingly in the refinements that followed two iodine atoms (1(2),
I(3)) with partial occupancy were positioned for the disordered
I, CO moiety. Since 67 electrons (53 + 8 + 6) had to be accounted
for, the population parameters of the atoms (I)2) and I(3)) were
linked so that their total was 1.26 (1.26 X 53 = 67 electrons). In
subsequent refinement the occupancy of I(2) settled to 0.75 and
that of I(3) became 0.50, indicating a 2/3:1/3 disorder of the
1(2)/CO moiety. A CH,Cl, solvent molecule was also located lying
on a crystallographic twofold axis. Refinement was by full-matrix
least-squares calculations initially with isotropic and then with
anistropic thermal parameters. A difference map computed at
an intermediate stage in the refinement revealed maxima in
positions expected for all the hydrogen atoms; these were then
allowed for in geometrically idealized positions (C-H = 0.95 A)
and included in the final rounds of calculations. Only an overall
isotropic thermal parameter was refined for the H atoms. In the
final three refinement cycles a weighting scheme of the form w!/2
= 1/[¢*(F) + pF?]*/2 was employed where the final p parameter
was 0.0001. Scattering factors used in the structure factor cal-
culations were taken from ref 26, and allowance was made for
anomalous dispersion.”’” Refinement converged with R = 0.066
and R, = [YwA?/Y wF,?]"/2 = 0.080 for the 4061 reflections with
I> 30(I). A final difference map was devoid of any significant
features. The structure factor listing, hydrogen coordinates, and
tables of thermal parameters are available. Final fractional co-
ordinates for the non-hydrogen atoms are in Table I, and mo-
lecular dimensions are in Table II.

Preparation of B(pz),RhI,(PPh;) (17) and Related Com-
pounds. A solution of triphenylphosphine (0.12 g, 0.46 mmol)

(25) Ferguson, G.; Kaitner, B.; Lalor, F. J.; Roberts, G. J. Chem. Res.
Synop. 1982, 6-7; J. Chem. Res. Miniprint, 1982, 0143-0165.

(26) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, A24,
321. Stewart, R. F'.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965,
42, 3175,

(27) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891.
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and 14 (0.30 g, 0.45 mmol) in 40 mL of benzene was heated to
reflux under nitrogen. Monitoring of the reaction by IR showed
complete disappearance of #(CO) band of 14 after ca. 20 h. Solvent
was removed in vacuo, and the orange residue was recrystallized
from CH,Cl,—petroleum (80-100 °C): yield 0.36 g (89%); 'H NMR
(CDCl;, Me,Si) 6 8.85-6.81 (complex multiplet, 23 H; H3 and H5
of free and coordinated pyrazolyl groups with aromatic protons
of PPH;), 6.7 (t, J = 1.8 Hz, 1 H; H4 of free pyrazolyl group or
H4 of co ordinated pyrazolyl group trans to PPhy), 6.31 (t, J =
2.25 hz, 1 H; H4 of coordinated pyrazolyl group trans to PPh;
or H4 of free pyrazolyl group), 5.81 (t, J = 2.40 Hz, 2 H, H4 of
coordinated pyrazolyl groups trans to I). The complex B-
(pz) RhBry(CH4CN) (16) was formed in 79% yield when 12 was
refluxed in acetonitrile for 3 h.

Results and Discussion

Reaction of the potassium salt of the appropriate poly-
(1-pyrazolyl)borate anion with [(LL)RhCl}, in N,N-di-
methylformamide (DMF) at room temperature gave ex-
cellent yields of the polypyrazolylborato complexes H, B-
(pz)ynRA(LL) 1,°n =1, LL = (C;H,)y; 2, n = 1, LL =
1,5-cyclooctadiene (cod); 4, n = 0, LL = cod; 5,n =0, LL
= norbornadiene (nbd); 6, n = 0, LL = duroquinone (dq);
7, n =2, LL = cod). This method failed to produce useful
yields of B(pz),Rh(C,H,), (3). Complex 3 was synthesized
via the reaction of [(C,H,),RhCl], with T1B(pz), in tetra-
hydrofuran-diethyl ether at -70 °C. Satisfactory micro-
analytical data could not be obtained for 3% but the 'H
NMR spectrum was fully in accord with the expected
structure (Table III).

Complexes 1-5 and 7 are pale to deep yellow solids while
6 is reddish orange in color. With the exception of 3 all
the compounds appear to be indefinitely stable under
normal laboratory conditions. Solid complex 3 decom-
posed in the air over a period of a few days and did so more
rapidly in solution. Microanalytical and infrared data for
1-7 are summarized in Table IV. 'H NMR spectra are
in Table III. The 60-MHz 'H NMR spectrum of B-
(pz),Rh(C,H,), (3) at ambient temperatures is very similar
to that reported by Trofimenko® for HB(pz);Rh(C,H,), (1)
and consists of two sharp doublets and a triplet (assignable
to the protons at positions 3, 5, and 4 of four equivalent
pyrazolyl groups) as well as a singlet corresponding to eight
equivalent ethylene protons. Since [B(pz),]~ cannot
function as a tetradentate ligand, the coordinated and
uncoordinated pyrazolyl groups in 3 must be exchanging
rapidly on the NMR time scale. The single ethylene
resonance indicates similarly rapid rotation of these ligands
around the (ethylene)rhodium bond axis.?® The spectra
of 2, 4, and 5 (apart from resonances characteristic of the
olefinic ligands) resemble those of 1 and 3 in also indicating
averaging of all pyrazolyl environments. None of these
spectra, however, contained any information as to the
nature of the averaging process itself. The spectrum of
B(pz),Rh(dq) (6) differs significantly from the other
members of the series at room temperature. The reso-
nances in the region of the spectrum characteristic of the
B(pz), ligand are markedly broadened. Moreover, the
protons at position 4 of the pyrazolyl groups (see 1b above
for numbering system) appeared as two broad resonances
in a 1:3 ratio. Three broad resonances (with some over-
lapping) are observed for the protons at positions 3 and
5. A five-coordinate 18-electron structure (i.e., 1b) with
three coordinated and one free pyrazolyl group is strongly
indicated by the 1:3 ratio of pyrazolyl 4 H resonances.
With the assumption of a trigonal-bipyramidal geometry,

(28) May, S.; Reinsalu, P.; Powell, J. Inorg. Chem. 1980, 6, 1582. This
paper also reports difficulties in obtaining satisfactory analytical data for
compound 14.

'H NMR Spectra (5 ) of Bis(olefin fhodium(I) Poly(1-pyrazolyl)borato Complexes®
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h At 85 °C the following resonances were observed: H3/5,6 1.89 (s, 4 H); H5/3, 2.21 (d, 2.44, 4 H); H4, 3.60
7 Methyl protons of dq.
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bridgehead protons of nbd.
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Table IV. Microanalytical and Infrared Spectroscopic Data (em™!) for Poly(1-pyrazolyl)borate Complexes of Rhodium

caled (%) found (%)
compd C H N C H N IR
1 42.0 4.8 22.6 42.1 4.6 22.4
2 48.1 5.2 19.8 47.9 5.1 19.8
4 49.0 4.9 22,9 49.0 4.8 23.0
5 48.1 4.2 23.6 48.3 4.3 23.5
6 48.4 4.4 20.5 48.1 4.4 20.3 B(CO)® 1640, 1595 cm™! (sh)
7 47.0 5.6 15.6 46.6 5.7 15.6
8 35.2 2.8 23.5 35.6 2.9 23.7 v(CO) 1845 cm™!
9 38.2 2.8 26.4 38.2 2.8 26.3 v(CO) 1839 em™!
10 31.4 2.6 18.3 31.3 2.9 18.1 7(CO)¢ 2084, 2020 em™*
11¢ ¥(CO)° 2129 cm™!
12/ 20.1 1.7 14.0 20.1 1.6 14.0 7(CO)# 2095 cm ™!
13 27.4 2.1 19.7 27.8 2.5 19.6 v(CO) 2120 ecm ™!
14 23.5 1.8 16.9 23.9 2.1 16.6 ¥(CO)* 2090 cm™!
15 27.2 1.7 15.9 27.5 2.0 15.9 »(CO) 2095 em ™
16} 28.8 2.6 21.6 28.8 2.5 21.1
17 40.1 3.0 12.5 40.3 3.1 12.4

@ KBr disk unless stated otherwise. All absorptions are strong. ? Carbonyl of quinone ligand. ¢ CH,Cl, solution,
4 Not analyzed, see text. ¢ »(CQ) 2139 cm™! in CHCL,. /Iodine calcd 42.5, found, 42.4. £ 5(CO) 2112 em™* in CH,Cl,.
h 7(C0) 2100 em™! in CH,Cl,. ! Bromine caled 27.4, found 27.5.

the observed spectrum also suggests that a dynamic pro-
cess exchanges inequivalent axial and equatorial pyrazolyl
groups at a rate which is rapid on the NMR time scale
although accidental equivalence of the resonances cannot
be completely ruled out. Furthermore, the general
broadening of all the pyrazolyl resonances suggests that
a second (slow) dynamic process is responsible for ex-
changing free and coordinated pyrazolyl groups. This
presumably proceeds via a four-coordinate intermediate
analogous to 1a. When the sample was heated in a sealed
NMR tube, the pyrazolyl group resonances begin to
coalesce and at 85 °C three sharp resonances are observed,
indicating that all four pyrazolyl groups of the B(pz),
ligand in 6 are now exchanging rapidly the NMR time
scale. On cooling to room temperature the original
broadened spectrum reappears. This led us to suspect that
complexes 1-5 were also five-coordinate in solution and
differed from 6 only in the rate of interchange of free and
coordinated pyrazolyl groups. This was confirmed to be
30 by the results of a detailed variable-temperature NMR
study of complexes 4-6 which is described in a subsequent
paper.?

The room-temperature 60-Mz 'H NMR spectrum of
H,B(pz),Rh(cod) (7) (Table III) indicates equivalence of
the two ligand pyrazolyl groups. The IR spectrum of 7 is
devoid of bands in the 2000-2200-cm™! region, ruling out
a five-coordinate 18-electron structure in which the fifth
coordination position around rhodium is occupied by a
B-H-Rh bridge analogous to the B-H-Pt bridge thought
to occur in HyB(pz),Pt(CH;);.2 Complex 7 is thus a true
16-electron analogue of (acac)Rh(C,H,),.

Our results show that 1-6 genuinely bridge the gap be-
tween (acac)Rh(LL) and (»-CsH;)Rh(LL) (LL = (C,H,),
or chelating nonconjugated diene) since both four-coor-
dinated 16-electron and five-coordinated 18-electron
species are present in solutions of the poly(1-pyrazolyl)-
borato complexes. The chemistry of (acac)Rh(C,H,),
differs from that of coordinatively saturated (3-Cs;H;z)Rh-
(CyHy), in that the vacant coordination site on the former
facilitates rapid displacement of ethylene by other Lewis
bases via an associative pathway.® The chemical behavior
of the poly(1l-pyrazolyl)borato complxes is, on balance,
closer to that of the coordinatively unsaturated acetyl-
acetonato complex (Complexes 1 and 2 form approximate
1:1 adducts with mercuric halides, i.e., HB(pz);Rh-

(29) King, R. B.; Bond, A. J. Am. Chem. Soc. 1974, 96, 1338.

(C4Hy),-HgCly, HB(pz);Rh(C,H,);-HgBr;, and Hb-
(pz)sRh(cod)-HgCl,. The low solubility of the adducts
prevented their full characterization, and it is uncertain
whether or not they are structurally analogous to the
known mercuric halide adducts of (3°-C;H;)Rh(C,H,),.5

Complexes 1, 2, and 4 react readily with Lewis bases
such as Ph;P, Ph,PCH,CH,PPh,, and ¢-BuNC in CH,Cl,
to give mixtures of products which have not so far yielded
to characterization. No reaction took place between 4 and
either phenylacetylene or diphenylacetylene in benzene
solution at room temperature or at reflux. In contrast the
reaction of CO at atmospheric pressure with 1, 2, 4, or 6
in benzene proceeded cleanly to give a single product in
high yield (e.g., eq 1). The products are very stable pale

15 h, 20 °C

2nRB(pz);Rh(LL) + 3nCO
[{RB(pz)3},Rhy(CO);), + 2nLL (1)
8 R=H

9,’ R =pz
CH,Cl,
n[(CO);RhCl}, + 2nKHB(pz), ~CRPE 8 (2)

greenish yellow solids, the microanalyses of which were
consistent with the formulae [{HB(pz)3},Rhy(CO);],, (8) and
[{B(pz)4eRhy(CO);], (9). Complex 8 was also prepared??
by the reaction of [(CO),RhCl], with KHB(pz); in CH,-
Cl,-CH;0H (e.g., eq 2). Compounds 8 and 9 have only
very limited solubility in organic solvents. This raises the
possibility that they may have polymeric structures with
exopolydentate!® poly(1-pyrazolyl)borate ligands linking
[Rhy(CO)s] units. However, intrinsically low solubility has
been observed for poly(1-pyrazolyl)borato complexes which
do not have cross-linked structures.®® The insolubility of
8 and 9 precludes an NMR study, nor were we able to grow
crystals for an X-ray investigation. In the absence of
definitive information we will assume that n = 1 in the
formulae of 8 and 9, and this conclusion is supported to
some extent by the chemical behavior of the complexes (see
below).

The IR spectra of 8 and 9 show one broad intense 7(CO)
band at 1845 cm™, 8, and 1839 cm™, 9 (Table IV). The
single peak and its low-frequency suggest that all three CO
ligands in 8 and 9 are doubly bridging. The 18-electron
rule also requires that the complexes contain a rhodium-—

(30) Trofimenko, S., private communication.
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rhodium single bond. Complexes 8 and 9 are formally
related to the dimeric n-cyclopentadienyl complexes (n-
CsH;),M,(CO); (M = Co® Rh*) and (n-CgHj);Rhy(¢-
BuNC);® and to the #*-indenyl complex (1°-CgH,),Rh,(t-
BuNC),.** A structure involving one u-carbonyl (or iso-
cyanide) and two terminal ligands is suggested for these
complexes by their IR spectra® and has been established
crystallographically in the case of (-CsHj;),Rhy(CO);.3
The (u-CO); structure suggested for 8 and 9 is consistent
with the greater steric demand of the poly(1-pyrazolyl)-
borato ligands. Reaction of H,B(pz),Rh(cod) (7) with CO
in benzene at room temperature and atmospheric?' pres-
sure yielded the known complex H,B(pz),Rh(CO), (10)
(previously prepared from [(CO),RhCl], and KH,B-
(pz),2*%€) which showed no tendency under these conditions
to condense to a dirhodium species. A reasonable mech-
anism for the formation of 8 and 9 from RB(pz),Rh(LL)
(R = H, pz; LL = diene) would involve attack of CO upon
the thermally accessible four-coordinate 16-electron form
of the the latter, followed by a sequence of displacement
and associative steps in which the poly(1-pyrazolyl)borato
is alternately bidentate and tridentate, leading ultimately
to formation of RB(pz);Rh(CO),, two molecules of the
latter than condensing to form 8 or 9 with extrustion of
CO (eq 3 and 4). Support for this proposal may be drawn

s ~ z 2 N

TO
Co
R(pz)B(pz)th/ > — RB{pz)3zRh —_—
~ L L
N
co o ~C0
R{pz)B{pz),Rh —= R{pz)B(pz),Rh—CO E——
L L L L
./ N4
RB(pz)3Rh(CO), + LL  (3)

from a study® of the reactions of the n°-indenyl complex
(n-CgH7)Rh(C,H,),. The ethylene ligands in this complex
are readily displaced by CO or t-BuNC due, it has been
suggested, to the ease of #5-CgH; — #°-CyH, “slippage”
which generates a coordinatively unsaturated (16-electron)
rhodium atom resembling the five-coordinate/four-coor-
dinate equilibrium proposed for 2-6. The initial products
of olefin substitution are (7>-CoH;)Rh(CO), and (-
CyH;)Rh(t-BuNC),. These readily undergo condensation

(31) Vollhardt, K. P. C; Bercaw, J. E.; Bergmann, R. E. J. Am. Chem.
Soc. 1974, 96, 4998.

(32) Fischer, E. O.; Bittler, K. Z. Naturforsch., B: Anorg. Chem., Org.
Chem., Biochem. Biophys., Biol. 1961, 16B, 835.

(33) Lawson, R. J.; Shapley, J. R. J. Am. Chem. Soc. 1976, 98, 7433.

(34) Caddy, P.; Green M.; O’Brien, E.; Smart, L. E.; Woodward, P.
Angew. Chem., Int. Ed. Engl. 1977, 16, 648.

(35) Mills, O. S.; Nice, J. P. J. Organomet. Chem. 1967, 10, 337.

(36) Bonati, F.; Minghetti, G.; Banditelli, G. J. Organomet. Chem.
1975, 87, 365.
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to (n5'09H7)3Rh3(CO)3 (b0111ng heptane) or (175-
CoH,);Rhy(t-BuNC); (room temperature), respectively.®*
It seems probable that species of the type RB(pz);Rh(CO),
(R = H, pz) are formed in the reactions reported here, but
we have not been able to detect their intervention under
our reaction conditions. Such dicarbonyls must be much
more susceptible to condensation than either their y-cy-
clopentadienyl®” or 5°-indenyl®® analogues, and it is not
entirely obvious why this should be so. Interestingly, in
this context, a closely related dicarbonyl HB(Me,pz);Rh-
(CO), (Megpz = 3,5-dimethyl-1-pyrazolyl) has been re-
ported.®® This complex could be a four-coordinate ana-
logue of (acac)Rh(CO),*® but is more likely to be a fluxional
five-coordinate analogue of the hypothetical RBpz;Rh-
(CO);. That this complex does not undergo spontaneous
condensation to dimetallic species related to 8 and 9 is
presumably a result of the steric effect of the ligand methyl
substituents (eq 5).

[RB(pz)a]Zha(CO)s +2XY =5,

8 an CetHs
2RB(pz);RhXY(CO) + 2CO (5)
1,R=H,X=Y=Cl

12R HX=Y=I
13,R=pz,X=Y=B
14, R=pz, X=Y=1
15, R=pz, X =C;F,, Y =1

A suspension of [HB(pz)3]oRhy(CO); (8) in benzene
showed no evidence for reaction with NO at room tem-
perature or with PPh; under reflux conditions. Neither
was 8 reduced to a carbonyl anion by sodium amalgam in
tetrahydrofuran. However, when benzene suspensions of
8 or 9 were treated with halogens or heptafluoro-n-propyl
iodide, a smooth oxidative displacement of CO led to the
formation of the rhodium(III) complexes 11-15 in high
yield (e.g., eq 5). Microanalytical and IR data for 11-15
are summarized in Table IV. A different synthesis of 11
has also recently been described;® in our hands HB-
(pz§RhCl,(CO) (11) underwent slow partial decarbonyla-
tion in the solid state and lost CO more rapidly on at-
tempted recrystallization. Satisfactory microanalytical
data were not obtained for this complex, and it was iden-
tified on the basis of its IR spectrum (Table I) which was
identical with that reported in ref 28. The 'H NMR
spectrum of HB(pz);RhI,(CO) (12) (Experimental Section)
is similar to the spectrum? of its dichloro analogue, 11.
The protons at the 3-position of the ligand pyrazolyl groups
(or, alternatively, at the 5-position, since an unambiguous
assignment is not possible) appear as a pair of doublets
in a 1:2 ratio, indicating a rigid octahedral geometry for
12 and the more complex NMR spectrum of B(pz),RhI,-
(CO) (14) may be similarly interpreted. We were unable
to obtain satisfactory NMR spectra for 13 or 15 possibly
due to the presence of traces of paramagnetic impurities,
but a similar octahedral structure may also be safely in-
ferred for these complexes.

Complexes 11-15 show a single strong #(CO) absorbtion
between 2090 and 2129 cm™! in pressed KBr disks (Table
I, »(CO) is ca. 10 cm™ higher in CH,Cl, solution). As
expected the complexes with the more electronegative
halogen substituents show the higher carbonyl stretching
frequencies. The large increase in #(CO) vis-a-vis the
precursors 8 and 9 (ca. 260 em™) is compatible with oxi-
dation from Rh(I) to Rh(III) accompanied by a shift from

(37) Mills, O. S.; Paulus, E. F. J. Organomet. Chem. 1967, 10, 331.

(38) Trofimenko, S. Inorg. Chem. 1971, 10, 1372 and the paper quoted
in ref 28,

(39) Bonati, F.; Wilkinson, G. J. Chem. Soc. 1964, 3156.





Bis(olefin)rhodium Poly(1-pyrazolyl)borato Complexes

Organometallics, Vol. 1, No. 9, 1982 1131

Figure 1. Stereoview of 14 with ellipsoids at the 50% probability level. 12* and I3* are disordered iodine and CO moieties.

Figure 2. Stereoview of the crystal structure of 14.

u- to terminal character for the remaining carbonyl group.
The carbonyl stretching frequencies of (RBpz;)RhI,(CO)
(12 and 14) are ca. 30-60 cm™ higher than in the related
n-cyclopentadienyl complexes (7-CsH;)RhI;(CO) (20656
cm™)* and (3-CsMe;) RhI,(CO) (2085 cm™).** This result
is unexpected since poly(1-pyrazolyl)borato ligands are
stronger net electron donors than cyclopentadienide.® If
complexes 11-15 have been correctly formulated as mo-
nonuclear octahedral Rh(III) species, then their formation
from 8 and 9 provides support for our suggestion that the
latter are discrete dirhodium compounds. However, the
available 'H NMR evidence (although compatible with a
mononuclear structure for 11-15) would also fit a di-
rhodium structure (e.g., 16) with exopolydentate poly(1-
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pyrazolyl)borato ligands derived from oxidative cleavage
of the Rhy(CO); moiety in polymeric [{RB(pz)s}sRhs(CO)s],

(40) King, R. B. Inorg. Chem. 1966, 5, 82.
(41) Kang, J. W.; Moseley, K.; Maitlis, P. M. J. Am. Chem. Soc. 1969,
91, 5972.

(n > 1). In order to resolve unambiguously whether 11-15
are monorhodium or dirhodium species, we have deter-
mined the crystal and molecular structure of a sample
compound B(pz),RhI,(CO) (14).

The X-ray analysis establishes that 14 is indeed a mo-
norhodium complex with octahedral coordination (Figure
1) and also provides some confirmatory evidence that the
precursor tricarbonyl is the dirhodium species 9. Although
the 2/3:1/3 disorder of one of the iodine atoms and the
carbonyl group precludes any detailed discussion of the
Rh-I and Rh-C distances, we note that the apparently
undisordered Rh-I distance (2.634 (1) A) is much less than
values found for other Rh—I bond lengths (2.652-2.699(2)
A) surveyed in ref 42, but although the electron density
at I(1) was consistent with it being an undisordered iodine,
we cannot rule out the possibility that it too is slightly
disordered with the CO moiety.

The B(pz),Rh moiety has normal geometry with a Rh-N
distances of 2.039-2.082 (7) A in accord with values noted
previously;* the longest distance is trans to the nondi-
sordered iodine I(1) and the shortest is trans to the dis-
ordered site with 2/3 CO occupancy. The N-Rh-N angles
85.4-86.7 (3)° are distorted from 90° by the bite of the
ligand; other dimensions (mean B-N = 1.53(1), N-N = 1.36
(1) A, N-C = 1.35 (1) A, C-C = 1.37 (1) A) and the pla-
narity of the individual pyrazolyl rings are also in accord
with previous findings.

(42) Nowell, I. W.; Fairhurst, G.; White, C. Inorg. Chim. Acta 1980,
41, 61 and references therein.

(43) See, for example: Restivo, R. J.; Ferguson, G.; 0'Sullivan, D. J.;
Lalor, F. J. Inorg. Chem. 1975, 14, 3046 and references therein.
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In the crystal structure, the octahedral molecules of the
complex are separated by normal van der Waals distances.
The dichloromethane of solvation lies on a crystallographic
twofold axis and fills what would have been a void in the
crystal lattice.

The high carbonyl stretching frequencies observed for
complexes 11-15 imply that the carbonyl ligands in these
species should be quite labile. Slow partial decarbonylation
obsereved with HB(pz);RhCl,(CO) (11) has already been
mentioned. Both 11 and B(pz),RhBr,(CO) (13) underwent
complete decarbonylation in refluxing toluene, but we have
been unable to obtain meaningful microanalytical data on
the products. Smooth displacement of CO from 13 in
boiling acetonitrile generates B(pz) HBr,(CH;CN) (16) in
good yield. Triphenylphosphine reacts with B(pz),RhI,-
(CO) in boiling benzene to give B(pz) RhI,(PPhy) (17).
Useful 'TH NMR data could not be recorded for 16 but the
spectrum of 17 (Experimental Section) was fully in accord

with its proposed formulation.
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eight molecules in a cell of dimensions a = 10.527 (1) A, b = 16.835 (2) A, ¢ = 27.725 (3) A, o = 94.42 (1)°,
B = 88.24 (1)°, and v = 113.45 (1)°. The structures were solved by the heavy-atom method and refined
by full-matrix least-squares calculations: for 1 R = 0.035 for 2896 observed reflections, for 2, R = 0.028
for 2641 reflections, and for 3, R = 0.035 for 4367 reflections. The analyses establish that in the nbd, 1,
and cod, 2, complexes, only two pz moieties complex to rhodium yielding a square-planar coordination,
whereas in the dq complex, 3, three pz groups coordinate to produce trigonal-bipyramidal coordination.
Principal dimensions are as follows: for 1, Rh-O = 2.110-2.130 (4) 4, Rh-N = 2.069 and 2.065 (3) A, C=C
= 1.395 and 1.387 (6) A; for 2, Rh—C = 2.124 and 2.139 (2) A, Rh-N = 2.099 (2) A, C=C = 1.382 (4) A;
for 3, mean Rh-C(ax) = 2.250 (4) A, Rh—C(eq) = 2.170 (5) A, Rh-N(ax) = 2.078 (3) A, Rh-N(eq) = 2.129-2.184

(3) and mean 2.153 (3) A, C=C(ax) = 1.390 (6) A, C=Cl(eq) = 1.440 (7) A,

Introduction

The preceding paper in this series! has described the
synthesis of (polypyrazolylborato)rhodium complexes. We
describe here the crystal and molecular structures of three
of these, the closely related complexes B(pz),Rh(nbd) (1),
B(pz)Rh(cod) (2), and B(pz),Rh{dq) (3) (where nbd =
norbornadiene, cod = cycloocta-1,5-diene, dq = 1,4-duro-
quinone, and pz = pyrazolyl) of interest because NMR
data!? have indicated different degrees of coordination at

(1) Cocivera, M.; Desmond, T. J.; Ferguson, G.; Kaitner, B.; Lalor, F.
J.; O’Sullivan, D. J., part 1 preceding in this issue.

(2) (a) Department of Chemistry, University of Guelph, Guelph, On-
tario N1G 2W1, Canada. (b) Department of Chemistry, University
College, Cork, Republic of Ireland.

different temperatures in these complexes. Qur X-ray
analyses establish unequivocally the room-temperature
solid-state structures of 1-3 and provide data for com-
parison with our NMR work.?

Experimental Section

Data Collection. Compounds 1-3 were prepared as described
previously and suitable small crystals were readily available.!
Preliminary Weissenberg and precession photographs yielded
initial cell data. Diffraction data were collected on a Hilger &
Watts Y290 four-circle diffractometer using MoKe radiation Final
unit cell parameters were determined from a least-squares fit of

(8) Cocivera, M.; Ferguson, G.; Lalor, F. J.; Szczecinski, P., part 3
following in this issue.
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crystal lattice.
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Table I. Crystal Data and Data Collection Parameters

RhB(pz),(nbd) RhB(pz),(cod) RhB(pz),(dq)
formula C,,H,,BN;Rh C,H,,BN;Rh C,,H,,BN,O,Rh
M, 474.1 490.2 546.2
cryst size, mm 0.27 x 0.26 x 0.14 0.43x 0.36x 0.36 0.12x 0.34 x 0.37
space group P2,/c Pnma AT
a, A 8.226 (1) 11.923 (2) 10.527 (1)

b, A 24.500 (4) 10.783 (1) 16.835 (2)
¢, A 9.909 (1) 16.452 (2) 27.725 (3)
a, deg 90 90 94.42 (1)
8, deg 90.96 (1) 90 88.24 (1)
v, deg 90 90 113.45 (1)
Vv, A? 1996.8 2115.2 4494.5

VA 4 4 8

Dealea, € em™3 1.58 1.54 1.61
F(000) 960 1000 2224
4(Mo Ka), cm™! 8.61 8.15 7.81
radiation graphite-monochromatized Mo Ka

scan type w/26 w28 w/28

scan width, deg 0.80 0.80 0.60
steps; width, (deg; duration, s) 40;0.02; 2 60;0.01;1
bkgd counting time, s 20 20 ‘ 30
collectn range, deg 2-27 2-30 2-256
unique data 4379 3239 5029
unique data with I > 3o(I) 2896 2641 4367

final R value 0.035 0.028 0.035
final Ry, = (ZwAY/LwFy2)!? 0.035 0.037 0.050
largest coordinate shift/error ratio in last cycle 0.02 for x of N(12) 0.01 forzof B 0.06 for x of C(243)
final p parameter in weighting scheme 0.00013 0.003 58 0.003 00

X

Figure 1. Stereoview of the crystal structure of B(pz);Rh(nbd) (1).

12 reflections in the range 15 < § < 20°. The crystallographic
and data collection details are given in Table I. The observed
data were corrected for Lorentz and polarization effects but not
for absorption. For B(pz),Rh(nbd) (1), the systematic absences
determine the space group uniquely. For B(pz)Rh{cod) (2), the
systematic absences allow the space group to be either Pnma or
Pn2,a; the former was chosen and confirmed by the analysis. For
B(pz),Rh(dq) (8), preliminary oscillation and Weissenberg pho-
tographs showed the crystals to be triclinic. Oscillation photo-
graphs about the b axis showed that reciprocal lattice layers with
k odd, although certainly present, were very weak. The structural
significance of this will be dealt with below.

Structure Solution and Refinement. All three structures
were solved by the heavy atom method, and initial refinement
was by full-matrix least-squares calculation.* For 1 and 2 dif-
ference maps revealed maxima in positions expected for all hy-
drogen atoms; these were then allowed for in geometrically
idealized locations and included in the final rounds of calculations.
For each molecule an overall isotropic thermal parameter was
refined for hydrogens. In the final cycles, all nonhydrogen atoms

(4) Sheldrick, G. M., SHELX Crystallographic program system,
University Chemical Laboratories, Cambridge, England, 1976.

were allowed anisotropic motion. There are two independent
molecules of 3 in the asymmetric unit; difference maps showed
positions for all protons and also showed clearly that one of the
methyl groups of one dq ligand had its hydrogen atoms disordered
over two sites. Because of computer space limitation only the
rhodium atoms and duroquinone molecules were allowed aniso-
tropic vibration in the final rounds of calculation. All hydrogen
atoms were placed in geometrically idealized positions and in-
cluded but not refined in the final cycles.

Details of R factors at convergence are in Table I, and final
difference maps for the structures were devoid of chemically
significant features. Weights in the refinement cycles were based
on counting statistics, w = 1/(c*(F) + pFo)'/?, scattering factors
were taken from references 5 and 6, and allowance was made for
anomalous dispersion.” Tables II, III, and IV contain final
fractional coordinates for 1, 2, and 3, respectively. Tables of
thermal parameters, calculated hydrogen coordinates, and

(5) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, A24,
321

(.6) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.
(7) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891.
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Figure 4. Stereoview of a molecule of B(pz);Rh(nbd) (1) with the crystallographic numbering scheme.

structure factor are available as supplementary material. molecules separated by normal van der Waals distances.
X . Selected interatomic distances and angles for 1, 2, and 3

Results and Discussion were given in Tables V, VI, and VII, respectively. The

The crystal structures of 1, 2, and 3, shown in stereo- bond distances in pyrazolyl rings and olefin ligands of 1,

views in Figures 1, 2, and 3, respectively, contain discrete 2, annd 3 are in accord with accepted values. Stereoviews
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Table V. Principal Interatomic Distances (A ) and Angles (Deg) in B(pz),Rh(nbd) (1) with Estimated

Standard Deviations in Parentheses

(a) Bond Lengths

Rh-N(11) 2.069 (3) C(13)-C(14)
Rh-N(21) 2.065 (3) C(14)-C(15)
Rh-C(2) 2.110 (4) N(21)-N(22)
Rh-C(3) 2.130 (4) N(21)-C(25)
Rh-C(5) 2.127 (5) N(22)-C(23)
Rh-C(6) 2.114 (5) C(23)-C(24)
B-N(12) 1.543 (5) C(24)-C(25)
B-N(22) 1.543 (5) N(31)-N(32)
B-N(31) 1.508 (5) N(31)-C(35)
B-N(41) 1.534 (5) N(32)-C(33)
N(11)-N(12) 1.364 (4) C(33)-C(34)
N(11)-C(15) 1.339 (5) C(34)-C(35)
N(12)-C(13) 1.355 (5) N(41)-N(42)

(b)

N(11)-Rh-N(21) 90.0 (1)  B-N(12)-N(11)

N(11)-Kh-C(2) 98.3 (2) B-N(12)-C(13)

N(11)-Rh~C(3) 100.5 (2)  N(11)-N(12)-C(13)

N(11)-Rh-C(5) 161.4(2)  N(12)-C(13)-C(14)

N(11)-Rh-C(6) 157.1(2)  C(13)-C(14)-C(15)

N(21)-Rh-C(2) 157.5(2)  N(11)-C(15)-C(14)

N(21)-Rh-C(3) 159.3(2)  Rh-N(21)-N(22)

N(21)-Rh-C(5) 98.2(2)  Rh-N(21)-C(25)

N(21)-Rh-C(6) 97.2(2)  N(22)-(21)-C(25)

C(2)-Rh-C(3) 38.4(2)  B-N(22)-N(21)

C(2)-Rh-C(5) 80.4(2)  B-N(22)-C(23)

C(2)-Rh-C(8) 67.8(2)  N(21)-N(22)-C(23)

C(3)-Rh-C(5) 66.9 (2)  N(22)-C(23)-C(24)

C(3)-Rh~C(6) 80.1(2)  C(23)-C(24)-C(25)

C(5)-Rh-C(86) 38.2(2)  N(21)-C(25)-C(24)

N(12)-B-N(22) 109.4 (3)  B-N(31)-N(32)

N(12)-B-N(31) 108.8 (3)  B-N(31)-C(35)

N(12)-B-N(41) 109.0 (3)  N(32)-N(31)~(35)

N(22)-B-N(31) 110.8 (3)  N(81)-N(32)-C(33)

N(22)-B-N(41) 107.7 (3)  N(32)-C(33)-C(34)

N(31)-B-N(41) 111.0(8)  C(33)-C(34)-C(35)

Rh-N(11)-N(12) 122.6 (2)  N(81)-C(35)-C(34)

Rh-N(11)-C(15) 129.9(3)  B-N(41)-N(42)

N(12)-N(11)-C(15)  107.1(3)  B-N(41)-C(45)

Table VI

1.375 (6) N(41)-C(45) 1.354 (5)
1.387 (7) N(42)-C(43) 1.328 (8)
1.370 (4) C(43)-C(44) 1.383 (7)
1.349 (5) C(44)-C(45) 1.365 (7)
1.343 (5) C(1)-C(2) 1.537 (7)
1.369 (8) C(1)-C(6) 1.523 (7)
1.382 (6) C(1)-C(7) 1.537 (7)
1.376 (5) C(2)-C(3) 1.395 (6)
1.363 (5) C(3)-C(4) 1.509 (7)
1.386 (6) C(4)-C(5) 1.538 (7)
1.407 (7) C(4)-C(7) 1.540 (7)
1.294 (6) C(5)-C(6) 1.387 (7)
1.368 (5)

Bond Angles

122.2(3)  N(42)-N(41)-C(45)  110.7 (4)
128.7 (4)  N(41)-N(42)-C(43)  104.8 (4)
108.8 (3)  N(42)-C(43)-C(44)  111.8 (5)
108.6 (4)  C(43)-C(44)-C(45)  105.4(4)
105.3 (4)  N(41)-C(45)-C(44)  107.4 (4)
110.1 (4)  Rh-C(2)-C(1) 95.5 (3)
124.9 (2)  Rh-C(2)-C(3) 71.5 (3)
129.2(3)  Rh-C(3)-C(2) 70.0 (2)
105.8 (3)  Rh-C(3)-C(4) 96.6 (3)
119.3(3)  Rh-C(5)-C(4) 95.8 (3)
129.4 (3)  Rh-C(5)-C(6) 70.4 (3)
109.8 (3)  Rh-C(8)-C(1) 95.9 (3)
108.5(4)  Rh-C(6)-C(5) 71.4 (3)
105.7 (4)  C(2)-C(1)-C(6) 100.7 (4)
110.2 (4)  C(2)~-C(1)-C(7) 100.7 (4)
127.1(4)  C(8)-C(1)-C(7) 101.8 (4)
121.5(3)  C(1)-C(2)-C(3) 105.6 (4)
110.5 (4)  C(2)-C(3)-C(4) 106.4 (4)
106.3 (4)  C(3)-C(4)-C(5) 100.7 (4)
104.7 (4)  C(3)-C(4)-C(7) 101.5 (4)
112.2 (4)  C(5)-C(4)-C(7) 101.2 (4)
106.4 (4)  C(4)-C(5)-C(6) 105.7 (4)
118.7(3)  C(1)-C(8)-C(5) 106.4 (4)
130.6 (4)

Principal Interatomic Distances (A) and Angles (Deg) in B(pz),Rh(cod) (2) with
Estimated Standard Deviations in Parentheses?

(a) Bond Lengths

Rh-N(11) 2.099 (2) B-N(12)
Rh-C(2) 2.139 (2) B-N(21)
Rh-C(3) 2.124 (3) B-N(31)
C(1)-C(1)! 1.412 (10) N(11)-N(12)
C(1)-C(2) 1.521 (4) N(21)-N(22)
C(2)-C(3) 1.382 (4) N(31)-N(32)
C(3)-C(4) 1.494 (5) N(11)-C(15)
C(4)-C(4)! 1.502 (12) N(12)-C(13)
(b) Bond
C(2)-Rh-C(2)! 81.4 (2) C(1)-C(2)-C(3)
C(3)-Rh-C(3)! 82.1 (2) Rh-C(3)-C(2)
C(2)-Rh-C(3) 37.8(1) Rh-C(3)-C(4)
N(11)-Rh-C(2) 163.1 (1) C(2)-C(3)-C(4)
N(11)-Rh-C(3) 159.0 (1) C(3)-C(4)-C(4 )}
N(11)-Rh-N(11)! 86.6 (1) Rh-N(11)-N(12)
N(12)~B-N(12)! 108.5 (2) Rh-N(11)-C(15)
N(12)-B-N(21) 109.0 (2) N(12)-N(11)-C(15)
N(12)-B-N(31) 110.1 (2) B-N(12)-N(11)
N(21)-B-N(31) 109.9 (3) B-N(12)-C(13)
C(1)-C(1)-C(2)! 116.9 (2) N(11)-N(12)-C(13)
Rh-C(2)-C(1) 111.4 (2) N(12)-C(18)-C(14)
Rh-C(2)-C(3) 70.5 (2) C(13)-C(14)-C(15)

1.543 (3) N(22)-C(23) 1.361 (4)
1.526 (4) N(31)-C(35) 1.340 (5)
1.526 (4) N(32)-C(33) 1.337 (6)
1.361 (2) C(18)-C(14) 1.367 (4)
1.349 (3) C(14)-C(15) 1.388 (4)
1.374 (5) C(238)-C(23) 1.369 (7)
1.338 (3) C(33)-C(34) 1.360 (9)
1.347 (3) C(34)-C(35) 1.392 (7)
Angles
123.7 (3) N(11)-C(15)-C(14) 110.8 (2)
71.7 (2) B-N(21)-N(22) 124.1 (2)
111.9 (3) N(22)-N(21)-N(22)! 111.2 (3)
125.4 (3) N(21)-N(22)-C(23) 106.0 (2)
115.6 (2) N(22)-C(23)-C(23)! 108.4 (2)
120.4 (1) B-N(31)-N(32) 121.9 (3)
133.3 (2) B-N(31)-C(35) 127.4 (4)
106.2 (2) N(32)-N(31)-C(35) 110.7 (3)
120.8 (2) N(31)-N(32)-C(33) 104.3 (4)
129.9 (2) N(32)-C(33)-C(34) 112.8 (4)
109.3 (2) C(38)-C(34)-C(85) 104.7 (4)
109.1 (2) N(31)-C(35)-C(34) 107.6 (5)
104.6 (2)

¢ The superscript I refers to the equivalent position x, 0.5 - y, 2.

of the individual molecules of 1, 2, and one of the molecules
of 3, with our crystallographic numbering schemes, are
shown in Figures 4, 5, and 6, respectively.

The rhodium coordination in B(pz),Rh(nbd) (1), is
square planar (Figure 4) with the nbd ligand occupying

two cis sites (deviations (A) from square plane are as
follows: Rh —0.026, N(11) + 0.016, N(21) -0.002, midpoint
of C(2)=C(3) -0.005, midpoint of C(5)=C(6) + 0.017).
Figure 7a shows a view of 1 viewed normal to the olefin
coordination plane. The principal coordination dimensions
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Table VII. Principal Interatomic Distances (A) and Angles (Deg) in B(pz),Rh(dq) (3) with
Estimated Standard Deviations in Parentheses
(a) Bond Lengths
molecule 1 molecule 2 molecule 1 molecule 2
Rh-N(11) 2.085 (3) 2.071(3) N(21)-C(25) 1.337 (7) 1.347 (7)
Rh-N(21) 2.130 (4) 2.129 (4) N(22)-C(23) 1.346 (8) 1.346 (8)
Rh-N(31) 2.184 (3) 2.167 (3) C(23)-C(24) 1.359 (6) 1.356 (6)
C(1)-C(2) 1.448 (6) 1.459 (7) C(24)-C(25) 1.389 (9) 1.377 (9)
C(1)-C(6) 1.473 (8) 1.466 (8) N(22)-B 1.542 (6) 1.543 (6)
C(1)-0(1) 1.239 (6) 1.237 (6) N(31)-N(32) 1.360 (5) 1.361 (5)
C(2)-C(3) 1.438 (6) 1.442(7) N(31)-C(35) 1.332 (6) 1.341 (6)
C(2)-C(21) 1.506 (7) 1.503 (8) N(32)-C(33) 1.360 (5) 1.360 (5)
C(3)-C(4) 1.451(7) 1.460(7) C(33)-C(34) 1.363(7) 1.362 (7)
C(3)-C(31) 1.516 (6) 1,505 (7) C(34)-C(35) 1.385 (6) 1.383 (6)
C(4)-C(5) 1.485 (6) 1.467 (6) N(32)-B 1.548 (6) 1.544 (6)
C(4)-0(2) 1.224 (5) 1.236 (6) N(41)-N(42) 1.382 (6) 1.385 (7)
C(5)-C(6) 1.385(6) 1.396 (6) N(41)-N/C(45) 1.378 (6) 1.366 (5)
C(5)-C(51) 1.502 (8) 1.500 (8) N(42)-C(43) 1.338 (7) 1.393 (8)
C(6)-C(61) 1.513 (6) 1.515 (7) C(43)-C(44) 1.362 (7) 1,345 (8)
N(11)-N(12) 1.368 (5) 1.365 (5) C(44)-N/C(45) 1.371 (8) 1.328 (8)
N(11)-C(15) 1.341(7) 1.347(7) N(41)-B 1.501(6) 1.498 (6)
N(12)-C(13) 1.356 (5) 1.361 (6) Rh---C(1) 2.450 (5) 2.459 (3)
C(13)-C(14) 1.372(8) 1.369 (8) Rh-C(2) 2.164 (5) 2.172 (6)
C(14)-C(15) 1.373(6) 1.376 (7) Rh-C(3) 2.166 (4) 2.179 (5)
N(12)-B 1.553 (7) 1.562 (7) Rh---C(4) 2.480 (4) 2.439 (4)
N(21)-N(22) 1.361 (5) 1.359 (5) Rh-C(5) 2.263 (4) 2.272 (4)
Rh-C(6) 2.230 (4) 2.236 (4)
(b) Bond Angles
molecule 1 molecule 2 molecule 1 molecule 2
N(11)-Rh-N(21) 83.7 (1) 83.3 (2) N(12)-B-N(32) 105.6 (4) 105.9 (4)
N(11)-Rh-N(31) 82.0 (1) 81.7 (1) N(12)-B-N(41) 111.7 (3) 109.7 (3)
N(21)-Rh-N(31) 87.0 (1) 87.2 (1) N(22)~-B-N(32) 110.4 (3) 109.7 (3)
Rh-N(11)-N(12) 120.1(3) 119.6 (3) N(22)~B-N(41) 108.6 (4) 109.0 (4)
Rh-N(11)-C(15) 133.2 (3) 133.9 (3) N(32)-B-N(41) 112.7 (3) 114.6 (3)
N(12)-N(11)-C(15) 106.5 (3) 106.3 (3) C(6)-C(1)-C(2) 113.3 (4) 113.4 (4)
N(11)-N(12)-C(13) 109.2 (4) 109.1 (4) C(2)-C(1)-0(1) 123.0 (5) 122.8 (5)
N(11)-N(12)-B 120.9 (3) 121.9 (3) C(6)-C(1)-0(1) 122.7 (4) 122.8 (4)
C(13)-N(12)-B 129.4 (3) 128.8 (4) C(1)-C(2)-C(3) 120.5 (4) 120.5 (5)
N(12)-C(13)-C(14) 107.9 (4) 108.3 (4) C(1)-C(2)-C(21) 115.0 (4) 115.3 (4)
C(13)-C(14)-C(15) 106.2 (5) 105.8 (5) C(3)-C(2)-C(21) 123.3 (4) 123.0 (4)
C(14)-C(15)-N(11) 110.2 (5) 110.5 (5) C(2)-C(3)-C(4) 121.1 (4) 120.8 (4)
Rh-N(21)-N(22) 119.1 (3) 120.0 (3) C(2)-C(3)-C(31) 122.8 (4) 122.9 (5)
Rh-N(21)-C(25) 134.5 (3) 133.6 (3) C(4)-C(8)-C(31) 114.5 (4) 115.3 (4)
N(22)-N(21)-C(25) 106.4 (4) 106.4 (4) C(3)-C(4)-C(5) 112.6 (3) 114.1 (4)
N(21)-N(22)-C(23) 109.3 (3) 109.0 (3) C(3)-C(4)-0(2) 123.8 (4) 122.9 (4)
N(21)-N(22)-B 120.9 (4) 119.9 (4) C(5)-C(4)-0(2) 122.4 (5) 122.0 (5)
C(23)-N(22)-B 129.0 (4) 130.4 (4) C(4)-C(5)-C(6) 121.5(5) 121.8 (6)
N(22)-C(23)-C(24) 108.8 (5) 109.0 (5) C(4)-C(5)-C(51) 116.8 (4) 117.4 (4)
C(23)-C(24)-C(25) 105.3 (5) 105.7 (5) C(6)-C(5)-C(51) 120.9 (4) 120.3 (4)
C(24)-C(25)-N(21) 110.1 (4) 109.9 (4) C(5)-C(6)-C(1) 121.1 (4) 121.1 (4)
Rh-N(31)-N(32) 121.7 (2) 122.8 (3) C(5)-C(6)-C(61) 120.6 (5) 120.8 (5)
Rh-N(31)-C(35) 130.2 (3) 130.8 (3) C(1)-C(8)-C(61) 117.4 (4) 117.0 (4)
N(32)-N(31)-C(35) 106.4 (3) 106.0 (3) C(1)-Rh-C(2) 35.9(2) 36.1(2)
N(31)-N(32)-C(33) 109.1 (4) 109.6 (4) C(1)-Rh-C(3) 65.4 (2) 65.4 (2)
N(31)-N(32)-B 117.1(3) 116.1 (3) C(1)-Rh-C(4) 72.7(2) 73.5 (2)
C(33)-N(32)-B 131.9 (3) 133.3 (4) C(1)-Rh-C(5) 63.6 (2) 63.5 (2)
N(32)-C(33)-C(34) 108.6 (4) 108.1 (4) C(1)-Rh-C(8) 36.3(2) 36.0 (2)
C(33)-C(34)-C(34) 105.1 (4) 105.7 (4) C(2)-Rh-C(3) 38.8(2) 38.7(2)
C(34)~C(35)-N(31) 110.9 (4) 110.6 (4) C(2)-Rh-C(4) 65.2 (2) 66.1(2)
B-N(41)-N(42) 117.5 (3) 125.6 (4) C(2)-Rh-C(5) 79.2 (2) 79.2 (2)
B-N(41)-N/C(45) 131.7 (4) 124.6 (4) C(2)-Rh-C(6) 67.5 (2) 67.4 (2)
N(42)-N(41)-N/C(45) 109.5 (4) 109.7 (4) C(3)-Rh-C(4) 35.6 (2) 36.3 (2)
N(41)-N(42)-C(43) 105.0 (4) 106.8 (4) C(3)-Rh-C(5) 66.9 (2) 66.9 (2)
N(42)-C(43)-C(44) 112.1 (5) 104.5 (5) C(3)-Rh-C(6) 79.7 (1) 79.7 (2)
C(43)-C(44)-N/C(45) 106.4 (5) 114.5 (5) C(4)-Rh-C(5) 36.1(1) 36.1 (2)
C(44)-N/C(45)-N(41) 107.0 (4) 104.5 (4) C(4)-Rh-C(8) 64.0 (1) 64.5 (1)
N(12)-B-N(22) 107.7 (3) 107.7 (3) C(5)-Rh-C(6) 35.9 (2) 36.1(2)

(Rh-0 = 2.110-2.130 (4) A, Rh-N = 2.069 and 2.065 (3)
A, C==C = 1.395 and 1.387 (6) A, N-Rh-N = 90.0(1)°) are
in accord with values reported for other Rh(nbd) com-
plexes, e.g.,, Rh~C = 2.087-2.104 (3) A and C=C =
1.384-1.406 (5) A in [Rh(nbd)(OAc)],® and Rh-C =

2.04-2.16 (1) A and C=C = 1.39-1.45 (1) A in Rh (C;H;N)
(CsHFgO)(nbd).® The olefin coordination in 1 is slightly
asymmetric with in a and Rh-C(6) (2.110 (4) and 2.114 (5)
A, mean 2.112 A) less than Rh—C(3) and Rh-C(5) (2.130
(4) and 2.127 (5) A, mean 2.129 A). The cause of this

(8) Reis, A. H,; Willi, C.; Siegel, S.; Tani, B. Inorg. Chem. 1979, 18,

1859.

(9) Hughes, R. P.; Krishnamachari, N.; Lock, C. J. L.; Powell, J.;
Turner, G. Inorg. Chem. 1977, 16, 314.
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Figure 5. Stereoview of a molecule of B(pz),Rh(cod) (2) with the crystallographic numbering scheme. The molecule has crystallographic

mirror symmetry.

Figure 6. Stereoview of molecule 1 of B(pz),Rh(dq) (3) with the crystallographic numbering scheme. One methyl group has its hydrogens

disordered over two sites.

asymmetry appears to be the close approach of pyrazolyl
hydrogens at C(15)-H and C(25)-H (Figure 4) to nbd
hydrogens at C(3)-H and C(5)-H (H--H = 2.28, 2.15 A).
The presence of the pz ring N(41)--C(45) above the co-
ordination plane causes no distortion to the coordination.

In an attempt to quantify the steric demand of the nbd
ligand, we have calculated from the coordinates of Table
II a maximum cone angle /*° in a manner exactly analogous
to our previous work on bulky phosphine complexes.!!
Our calculations lead to a maximum # value of 183°
(corresponding to the angles subtended by C(2)-H, C-
(3)-H, C(5)-H, and C(6)-H). It is obvious that the nbd
ligand is at best an irregular cone and the minimum cone
angle is also relevant and is ~109° (for the C(1)-H and
C(4)-H segment). The Rh--N(42) distance which would
become an Rh-N bond in a five-coordinate complex is
4.096 (3) A, and the Rh«N(42) vector lies close to the
direction of minimum nbd cone angle which would provide
the least encumbrance of five-coordination.

In B(pz),Rh(cod) (2) the rhodium atom also has
square-planar coordination and the molecule possesses
crystallographic mirror symmetry (Figure 5), the mirror
plane passing through the Rh, B, and N(21) atoms and
pyrazolyl ring N(31)--C(35) (deviations (A) from the square

(10) For a comprehensive review see: Tolman, C. A. Chem. Rev 1977,
77, 313.

(11) Ferguson, G.; Roberts, P. J.; Alyea, E. C.; Khan, M. Inorg. Chem.
1978, 17, 2965.

plane are as follows: Rh—0.028, N(11) and N(11)! + 0.007,
midpoints of C(2)=C(3) and C(2)'=C(3)! + 0.007). Figure
7b is a view normal to the olefin coordination plane.
Because of the mirror plane, the pyrazolyl ring containing
N(21) is disordered over two sites with equal probability
but the only effect of this, is to interchange the uncom-
plexed N atom with a CH moiety. The principal coordi-
nation dimensions (Rh-C = 2.124 and 2.139 (2) A, Rh-N
= 2,099 (2) A, C=C = 1.382 (4) A, N-Rh-N = 86.6 (1)°)
are in accord with those reported in other Rh(cod) com-
plexes, e.g., Rh-C = 2.101-2.129 (5) A,C—=C = 1.39 (1) A
in Rh (cod) (CsH,CO,Me)*? and Rh-C = 2.06-2.38 (1) and
C=C = 1.41 and 1.43 (2) A in Rh(cod)(CgH,;)."* The
olefin coordination in 2 closely resembles that found in 1
and is slightly asymmetric. Thus Rh-C(2) = 2.139 (2) A
is longer than Rh—C(3) = 2.124 (2) A again to relieve H--H
intramolecular interactions between C(2)-H and C(15)-H
atoms (H--H = 2.04 A). Cone angle calculations for cod
in 2 lead to a maximum cone angle 6 of 210° (at the C-
(2)-H, C(3)-H, C(2)-H, and C(3')-H segments) and also
to a minimum value of ~120° between the C(1)-H, C-
(1)-H and C(4)-H, C(4')-H segments. The Rh--~IN(22)
distance which would be a Rh—N bond in a five-coordinate
species is 3.694 (2) A, and as in 1 the Rh--N(22) vector lies
close to the direction of the minimum cod cone angle which

(12) Arthurs, M.; Nelson, S. M.,; Drew, M. G. B. JJ. Chem. Soc., Dalton
Trans. 1977, 779.
(13) Pickardt, J.; Stuhler, H.-O. Chem. Ber. 1980, 113, 1623.
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Figure 7. Views of the complexes looking approximately along the normal to the olefin coordination plane (the exo-pyrazolyl ring
has been excluded for clarity): (a) B{pz),Rh(nbd) (1); (b) B(pz),Rh(cod) (2); (c) moleule 1 of B(pz),Rh(dq) (3); (d) molecule 2 of

B(pz),Rh(dq).

would provide the minimum hindrance to five-coordina-
tion.

The asymmetric unit of B(pz),Rh(dq) (3) contains two
independent essentially identical molecules (labeled
molecule A and molecule B in Tables III and VII) which
differ slightly in the orientation of the pyrazolyl rings and
also in that in one molecule, the hydrogen atoms of one
methyl group are disordered over two sites. The Rh co-
ordination geometry (Figure 6) is trigonal bipyramidal with
one Rh-olefin and one Rh—N bond axial: Rh—(C(5) or
C(6)) = 2.230-2.272 (4) A, mean 2.250 A; Rh-N(11) = 2.085
and 2.071 (3) A, mean 2.078 A. The remaining equatorial
coordination distances are as follows: Rh—(C(2) or C(3))
= 2.164-2.179 (5) A, mean 2.170 A; Rh-N(21) = 2.130 and
2.129 (4) A, mean 2.130 A; Rh-N(31) = 2.184 and 2.167
(3) A, mean 2.176 A. The equatorial moiety (Rh, N(21),
N(31), midpoint of C(2)=C(3)) is planar to within 0.003
A (molecule A) and 0.062 A (molecule B), and the axial
N(11)-Rh—(midpoint of C(5)=C(6)) angles are 170.8 and
169.9 (2)° for molecules A and B, respectively. The mean
olefin distances C(2)==C(3) = 1.440 (7) A and C(5)=C(6)
= 1.390 (6) A are significantly different, the axial olefin
(C(5)=C(8)) having the shorter C=C distance and the
longer Rh—C bonds. The small differences between the
two molecules are what give rise to the layers with weak
k odd reflections in space group AI. If these weak re-
flections were ignored, the cell would reduce to one with
one molecule of 3 in the asymmetric unit; the new b and
¢ cell dimensions being half of those reported for the Al
cell. There are no previous reports of Rh(dq) complexes
stored in the Cambridge Crystallographic Data Base.!*

Complex formation causes deformation of both the dq
and B(pz);Rh skeletons in 3. Thus the dq ligand adopts
a boat conformation with dihedral angle (26.7° molecule
A, 23.9° molecule B) between the C(1), C(2), C(3), C(4) and
C(1), C4), C(5), C(6) planes. This has the effect of placing
the carbonyl oxygen atoms 0.36~0.57 A off the olefin plane
on the side away from the rhodium atom. Views of the
two molecules of 3 normal to the olefin coordination plane
are in parts ¢ and d of Figure 7. Formation of the five-
coordinate complex produces some distortion of the B-
(pz)sRh framework with values of interplanar angles be-
tween RhNNB and pyrazolyl ring planes in the range
5.1-13.6°.

From a study of the crystal structures of 1-3, one might
anticipate that 1 and 2 should be able to form five-coor-
dinate complexes. Our cone-angle calculations show that
there is a minimum cone-angle pathway about both nbd
and cod ligands for a third pyrazolyl nitrogen to approach
a rhodium atom. The fact that no five-coordinate solid-
state structures occur with 1 and 2 presumably reflects the
fine balance which must exist between crystal packing and
intramolecular interactions. This balance is seen to favor
four-coordinate structures for 1 and 2 in the solid but our
NMR work?® shows that 2 is certainly five-coordinate in
solution and that 1 may also be.
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'H and ®Rh NMR spectra have been measured for solutions of Rh(I) complexes of the type RhB-
{pzy)(diene) in which B(pz), signifies tetrakis(1-pyrazolyl)borate ion and diene signifies duroquinone (dp),
1,5-cyclooctadiene (cod), and norbornadiene (nbd). The 'H spectra indicate that the dq and cod complexes
are pentacoordinate; i.e., three of the pyrazolyl groups of B(pz), are bound to Rh via nitrogen. The dq
complex is also pentacoordinate in the solid state whereas the cod and nbd complexes are four-coordinate.
UH spectra at various temperatures and in the presence and absence of potassium tetrakis(1-pyrazolyl)borate
indicate that the free and coordinated pyrazolyl groups undergo intramolecular exchange with the relative
rates increasing in the sequence dq, cod, and nbd. Activation parameters for this process were determined
for dq and cod complexes but not for the nbd complex for which the exchange rate is too fast to measure
by 'H NMR. “Rh NMR was measured for these complexes and the 1®*Rh chemical shift relative to that
for (acac)Rh(COQ), increases in the order cod, nbd, and dq, which differs from the order for the relative
exchange rates. The ease of 1®Rh NMR measurements in comparison with previous studies appears to

be due to the shorter T relaxation for these diene complexes.

Introduction

A fairly large number of fluxional four- and five-coor-
dinate rhodium(I) complexes have been reported. The
fluxional behavior of these complexes is usually related to
a reorientation of either an olefin or a diene coordinated
to the rhodium. Thus, the !H NMR spectra of cyclo-
pentadienylrhodium complexes containing one or two
ethylene groups indicate that the ethylene group rotates
with activation energies between 12 and 15 kcal/mol.?
When 3-butenyldiphenylphosphine (mbp) is used, RhCl-
(mbp), is four-coordinate in solution with exchange be-
tween free and coordinated olefins rapid on the NMR time
scale at room temperature.* o-Styryldiphenylphosphine
(ssp) and o-styryldiphenylarsine (spas) form five-coordi-
nate rhodium(I) complexes of the formula RhCl(spp), and
RhCl(spas),, which are believed to be trigonal bipyramidal
with the vinyl groups in equatorial sites. 'H and 3'P NMR
indicate that there are two isomers, one of which has in-
equivalent vinyl groups, and that these isomers intercon-

(1) Cocivera, M.; Ferguson, G.; Kaitner, B.; Lalor, F.; O’Sullivan, D.
J.; Parvez, M.; Ruhl, B. part 2 preceding in this issue.

(2) (a) The Guelph-Waterloo Centre for Graduate Work in Chemistry,
Department of Chemistry, University of Guelph, Guelph, Ontario, Can-
ada N1G 2W1. (b) Department of Chemistry, University College, Cork,
Republic of Ireland.

(8) (a) Cramer, R. J. Am. Chem. Soc. 1964, 86, 217; (b) Cramer, R.;
Kline, J. B.; Roberts, J. D. Ibid. 1969, 91, 2519.

(4) (a) Clark, P. W.; Hartwell, G. E. J. Organomet. Chem. 1975, 102,
387. (b) Ryan, R. R.; Schaeffer, R.; Clark, P. W.; Hartwell, G. E. Inorg.
Chem. 1975, 14, 3039.

vert rapidly on the NMR time scale around room tem-
perature.’

Dienes in four- and five-coordinate rhodium(I) have also
been found to reorient. Thus, by 'TH NMR [8](1,4)-7-0x-
anorbornadiene (onbd) groups in Rh(onbd),Cl and [Rh-
(onbd)Cl], have been found to rotate around the axis
through the center of the onbd group. For the former AH*
is 12.4 kcal/mol and AS* is 3.0 eu.® Restricted rotation
of norbornadiene (nbd) groups has been observed in
[Rh(nbd)(OAc)], with an activation energy of about 7
keal/mol.” Other four-coordinate Rh(I) complexes having
rotating ethylene groups also appear to undergo intermo-
lecular exchange with free ethylene.? In addition to these
examples, a brief review presents a number of other
four-coordinate square-planar diene complexes of Rh(I)
that show temperature-dependent 'H NMR spectra, in-
dicating intramolecular exchange of alkene protons be-
tween nonequivalent sites.® This exchange appears to be
enhanced by donor ligands.

While there is a great deal of information concerning
fluxional four- and five-coordinate Rh(I) complexes in
which an olefin or diene changes its orientation or position
in the complex, exchange involving other ligands, which
usually complex via group 5 atoms in these complexes, does

(5) Bennett, M. A.; Hann, E. J.; Johnson, R. N. J. Organomet. Chem.
1977, 124, 189.

(6) Hogeveen, H.; Nusse, B. J. J. Organomet. Chem. 1979, 171, 237.

(7) Chen, M. J.; Feder, H. M. Inorg. Chem. 1979, 18, 1864.

(8) Maisonnat, A.; Poilblanc, R. Inorg. Chim. Acta 1978, 29, 203.

(9) Kemmitt, R. D. W. J. Organomet. Chem. 1979, 176, 339.
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'H and ®Rh NMR spectra have been measured for solutions of Rh(I) complexes of the type RhB-
{pzy)(diene) in which B(pz), signifies tetrakis(1-pyrazolyl)borate ion and diene signifies duroquinone (dp),
1,5-cyclooctadiene (cod), and norbornadiene (nbd). The 'H spectra indicate that the dq and cod complexes
are pentacoordinate; i.e., three of the pyrazolyl groups of B(pz), are bound to Rh via nitrogen. The dq
complex is also pentacoordinate in the solid state whereas the cod and nbd complexes are four-coordinate.
UH spectra at various temperatures and in the presence and absence of potassium tetrakis(1-pyrazolyl)borate
indicate that the free and coordinated pyrazolyl groups undergo intramolecular exchange with the relative
rates increasing in the sequence dq, cod, and nbd. Activation parameters for this process were determined
for dq and cod complexes but not for the nbd complex for which the exchange rate is too fast to measure
by 'H NMR. “Rh NMR was measured for these complexes and the 1®*Rh chemical shift relative to that
for (acac)Rh(COQ), increases in the order cod, nbd, and dq, which differs from the order for the relative
exchange rates. The ease of 1®Rh NMR measurements in comparison with previous studies appears to

be due to the shorter T relaxation for these diene complexes.

Introduction

A fairly large number of fluxional four- and five-coor-
dinate rhodium(I) complexes have been reported. The
fluxional behavior of these complexes is usually related to
a reorientation of either an olefin or a diene coordinated
to the rhodium. Thus, the !H NMR spectra of cyclo-
pentadienylrhodium complexes containing one or two
ethylene groups indicate that the ethylene group rotates
with activation energies between 12 and 15 kcal/mol.?
When 3-butenyldiphenylphosphine (mbp) is used, RhCl-
(mbp), is four-coordinate in solution with exchange be-
tween free and coordinated olefins rapid on the NMR time
scale at room temperature.* o-Styryldiphenylphosphine
(ssp) and o-styryldiphenylarsine (spas) form five-coordi-
nate rhodium(I) complexes of the formula RhCl(spp), and
RhCl(spas),, which are believed to be trigonal bipyramidal
with the vinyl groups in equatorial sites. 'H and 3'P NMR
indicate that there are two isomers, one of which has in-
equivalent vinyl groups, and that these isomers intercon-

(1) Cocivera, M.; Ferguson, G.; Kaitner, B.; Lalor, F.; O’Sullivan, D.
J.; Parvez, M.; Ruhl, B. part 2 preceding in this issue.

(2) (a) The Guelph-Waterloo Centre for Graduate Work in Chemistry,
Department of Chemistry, University of Guelph, Guelph, Ontario, Can-
ada N1G 2W1. (b) Department of Chemistry, University College, Cork,
Republic of Ireland.

(8) (a) Cramer, R. J. Am. Chem. Soc. 1964, 86, 217; (b) Cramer, R.;
Kline, J. B.; Roberts, J. D. Ibid. 1969, 91, 2519.

(4) (a) Clark, P. W.; Hartwell, G. E. J. Organomet. Chem. 1975, 102,
387. (b) Ryan, R. R.; Schaeffer, R.; Clark, P. W.; Hartwell, G. E. Inorg.
Chem. 1975, 14, 3039.

vert rapidly on the NMR time scale around room tem-
perature.’

Dienes in four- and five-coordinate rhodium(I) have also
been found to reorient. Thus, by 'TH NMR [8](1,4)-7-0x-
anorbornadiene (onbd) groups in Rh(onbd),Cl and [Rh-
(onbd)Cl], have been found to rotate around the axis
through the center of the onbd group. For the former AH*
is 12.4 kcal/mol and AS* is 3.0 eu.® Restricted rotation
of norbornadiene (nbd) groups has been observed in
[Rh(nbd)(OAc)], with an activation energy of about 7
keal/mol.” Other four-coordinate Rh(I) complexes having
rotating ethylene groups also appear to undergo intermo-
lecular exchange with free ethylene.? In addition to these
examples, a brief review presents a number of other
four-coordinate square-planar diene complexes of Rh(I)
that show temperature-dependent 'H NMR spectra, in-
dicating intramolecular exchange of alkene protons be-
tween nonequivalent sites.® This exchange appears to be
enhanced by donor ligands.

While there is a great deal of information concerning
fluxional four- and five-coordinate Rh(I) complexes in
which an olefin or diene changes its orientation or position
in the complex, exchange involving other ligands, which
usually complex via group 5 atoms in these complexes, does

(5) Bennett, M. A.; Hann, E. J.; Johnson, R. N. J. Organomet. Chem.
1977, 124, 189.

(6) Hogeveen, H.; Nusse, B. J. J. Organomet. Chem. 1979, 171, 237.

(7) Chen, M. J.; Feder, H. M. Inorg. Chem. 1979, 18, 1864.

(8) Maisonnat, A.; Poilblanc, R. Inorg. Chim. Acta 1978, 29, 203.

(9) Kemmitt, R. D. W. J. Organomet. Chem. 1979, 176, 339.
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not appear to be documented. This paper reports the
results of a variable-temperature 'H NMR study of this
type of exchange in five-coordinate rhodium(I) diene
complexes of the type B(pz),Rh(diene) in which B(pz),
denotes tetrakis(1-pyrazolyl)borate ion. Three dienes were
used: duroquinone (dq), 1,5-cyclooctadiene (cod), and
norbornadiene (nbd). For the dq complex, the X-ray
structure indicates that the two olefinic groups of the
quinone ligand occupy one axial and one equatorial site
in the five-coordinate trigonal-bipyramidal molecule. The
remaining one axial and two equatorial sites are occupied
by the nitrogen atoms of three B(pz), pyrazolyl groups.
The nbd and cod complexes are four-coordinate square-
coplanar species in the solid state.! In solution, however,
IH NMR indicates that the dq and cod complexes appear
to be five-coordinate and the nbd may well be also. This
behavior of the nbd and cod complexes is in contrast to
that of RhCl (mbp),, which is five-coordinate in the solid
and four-coordinate in solution,* but similar to that of the
related pyrazolylborate complex HB(pz);Pt(CH;3)CO.1°
The 'H NMR spectra of the rhodium(I) diene complexes
are compatible with two separate dynamic processes oc-
curring in solution;

(i) Free and coordinated pyrazolyl groups exchange. For
the dq complex this bond-breaking process is slow at room
temperature and the exchange rate increases in the se-
quence dq, cod, and nbd. For the nbd complex the ex-
change is too fast to measure at -81 °C in CD,Cl,.

(ii) Coordinated pyrazolyl (and olefin) groups exchange
between the axial and equatorial sites of the trigonal bi-
pyramid. For pyrazole exchange this process does not
involve bond breaking and is still rapid on the NMR time
scale at the lowest temperature reached in these mea-
surements (—89.6 °C for the cod complex). Another pos-
sibility is that the absence of any line-width effect is due
to accidental magnetic equivalence of the protons. On the
other hand, rapid exchange of coordinated pyrazolyl groups
in B(pz),PtCH;(L) has been observed.'?

The %Rh NMR spectrum of each complex consists of
one signal, and the chemical shifts measured relative
(acac)Rh(CO), do not appear to correlate with the rate of
exchange of the pyrazolyl groups. This appears to be the
first direct observation of **Rh spectra of rhodium(]) olefin
complexes in solution. Previous !®Rh NMR measurements
of Rh(I) and Rh(III) complexes in solution have had to deal
with relatively long T} relaxation times.'"'? This difficulty
does not occur with unsymmetrical rhodium(I) olefin
complexes as discussed in another paper.:3

Experimental Section

Chemicals. The preparation of B(pz),Rh(cod), B(pz),Rh(nbd),
and B(pz)Rh(dq) is described in the previous paper.'* (acac)-
Rh(CQ), obtained from Alfa, potassium tetrakis(1-pyrazolyl)borate
obtained from Columbia Organic Chemicals, and deuterated
solvents obtained from Merck, Sharp and Dohm were used
without purification.

Exchange Measurements. CW 'H NMR spectra of 0.3 M
Rh(I) complexes in CDCl, solutions were measured at 100 MHz
using a Varian HA-100-15 NMR spectrometer equipped with a
variable-temperature probe. Temperatures between ~20 and +70

(10) (a) Manzer, L. E.; Meakin, P. Z. Inorg. Chem. 1976, 15, 3117. (b)
Clark, H. C.; Manzer, L. E. Inorg. Chem. 1974, 13, 1291,

(11) Gill, D. S.; Gansow, O. A.; Bennis, F. J.; Ott, K. C. J. Magn. Reson.
1979, 35, 459.

(12) Gruninger, K.-D.; Schwenk, A.; Mann, B. E. J. Magn. Reson.
1980, 41, 354.

(18) Cocivera, M.; Ferguson, G.; Lalor, F. J.; Lenkinski, R. E.; O’Sul-
livan, D. J.; Sczcecinski, P. J. Magn. Reson. 1982, 46, 168.

(14) Cocivera, M.; Desmond, T. J.; Ferguson, G.; Kaitner, B.; Lalor,
F. J.; O’Sullivan, D. J., part 1 preceding in this issue.

Cocivera et al.

A
60° ;

“‘ ; \
‘,“. \\_jﬁ \ / N
_‘__// ! K WF“—/ N
|

45°

. o ||\“~}.___.__,——/\', ‘ S—

)

i 3!
25° i

| \&‘; . !
jay /b ]
_,___)“ \./H\\../}.«W R T\
j b somm —

3.5° [3 !
I f i

A!
i il

. 4/‘ \w"\_/‘ \\__w' - ~ J e
|
Figure 1. Temperature dependence of the pyrazolyl ring proton
resonances for 0.3 M B(pz),Rh(dq) in CDCl; at 100 MHz. For
assignments, see text. Temperature is in degrees celcius, and
magnetic field increases from left to right.

°C were measured by thermocouple and those between -90 and
-40 °C were measured by using the NMR spectrum of methanol.
It was possible to supercool the CDCI, solutions to -90 °C. The
NMR signals of the small amount of CHCl, in CDCl; solvent and
added CH,Cl, were used as internal line width and chemical shift
references. Tetramethylsilane was used as an internal lock.

Because the coupling constants are small and the signals of the
doublets overlap, the width at half height could not be measured
conveniently, and consequently the exchange lifetime = was ob-
tained by computer simulation of the line shapes.!® For these
simulations, the line width at half-height Ay, and the chemical
shift § between the two averaging lines in the absence of exchange
must be provided. To correct for variations in Ay, from one
measurement to the next, its value at each temperature was
determined for each measurement from the line width Avg of an
internal reference using a linear relation between Ay, and Avg
determined at 3.5 °C for dq and at 31 °C for cod. At these
temperatures the exchange contributions to the respective signals
of dq and cod complexes is negligible.

In the absence of exchange or at very slow exchange, the
position of the pyrazoly! proton signals of B(pz),Rh(dq) depends
on temperature in a linear fashion between ~20 and +25 °C. This
relation was assumed to apply also at higher temperatures and
was used to calculate the value § at each temperature that was
used in the computer simulation. For the cod complex, whose
coalescence temperature occurs at about —62 °C, a dependence
of the chemical shift on temperature could not be established.
Therefore 8, which is determined at —89.6 °C for this complex,
is treated as independent of temperature.

103Rh Spectra. The FT %Rh NMR spectra of the (acac)-,
(nbd)-, {(cod)-, and (dq)Rh! complexes were measured at 25 °C
by using a Bruker WH 00 spectrometer operating at 12.65 MHz.
This spectrometer is operated by the Southwestern Ontario NMR
Centre located in the Department of Chemistry at the University
of Guelph. Spectra were obtained by using CDCl; solutions of
0.2 M nbd, cod, and dq complexes and 0.3 M acac complex in
10-mm sample tubes. For the olefin complexes, the number of
scans varied from 300 to 1000, with most spectra requiring typ-
ically less than 20 min of signal averaging.

Results and Discussion

'H NMR Spectra. The temperature dependence of 'H
NMR signals of the pyrazolyl protons is illustrated in

(15) Cocivera, M. Bell Telephone Laboratories Memorandum
MM68-1132-1, 1968. This program has been modified by K. W. Woo for
use at the University of Guelph.





Bis(olefin)rhodium Poly(1-pyrazolyl)borato Complexes

Table I. Chemical Shifts (Ppm) Relative to Me,Si for the
'H NMR Signals of the Protons on the Pyrazolyl Groups
in Rhodium(I) Diene Complexes

chem shift¢

complex H, or H; H, H,orH,

B(pz),Rh(dq)

coordinated 8.04 (2.8) 6.30 7.63 (4.0)

uncoordinated ? 7.88 (2.8) 6.61 7.93 (4.1)
B(pz),Rh(cod)

coordinated® 7.60 6.35 7.23

uncoordinated® 7.85 6.28 6.67
B(pz),Rh(nbd)

7.43 (2.9) 6.29 6.95 (3.7)

¢ Numbers in parentheses are proton-proton coupling
constants in Hz. ® Measured at 3.5 °C. ¢ Measured at
-81 °C. Signals are too broad to measure coupling con-
stants; see Figure 2. 2 Coalescence of signals due to co-
ordinated and uncoordinated pyrazolyl groups. Measured
at 0 °C.

Figure 1 for B(pz),Rh(dq). The spectrum at 3.5 °C in-
dicates that there are two types of pyrazolyl groups in the
ratio 1:3. In the solid state, three pyrazolyl groups are
coordinated to rhodium as in structure 1.! Consequently,
A
/o |
N rn—N\

coalesced signals®

signals a, b, and ¢ are assigned to coordinated pyrazolyl
groups. On the basis of line-width behavior and the change
in chemical shifts of the signals as the temperature in-
creases, signals a, b, and ¢ exchange with e, d, and f, re-
spectively. Of the three protons on the pyrazolyl group,
the resonance of only the H, proton can be assigned con-
clusively without selective deuteration of the ring. Thus
signals ¢ and f are assigned to this proton in the coordi-
nated and uncoordinated pyrazolyl groups, respectively,
because the closely spaced three lines are probably due to
overlap of the two doublets expected for the coupling of
this proton with the other two protons. The assignment
of the other two resonances is uncertain without appro-
priate isotopic labeling.

The rate of exchange of the free and coordinated pyra-
zolyl groups depends on the diene coordinated to rhodium,
increasing in the order dq, cod, and nbd. For nbd, the
exchange is too fast at -90 °C with use of the HA-100
spectrometer and at —65 °C with use of the WH-400
spectrometer. For cod, the exchange could be slowed
sufficiently at —89.6 °C to resolve the signals due to co-
ordinated and uncoordinated pyrazolyl groups at 100 MHz
as illustrated in Figure 2 for a solution of 0.2 M B-
(pz) Rh(cod) in CDCl; containing a small amount of
CH,C}; (labeled R) to act as an internal reference. As with
dq, there are two types of pyrazolyl groups in the ratio 1:3.
The more intense signals are assigned to the coordinated
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Figure 2. Temperature dependence of part of the pyrazolyl ring
proton resonances for 0.3 M B(pz),Rh(cod) in CDCl; at 100 MHz.
Temperature is in degrees Celcius, and the magnetic field increases
from left to right. For assignments, see text.

pyrazolyl groups because there is no precedent for three-
coordinate rhodium complexes and dimerization seems
unlikely. Five-coordination of the cod complex in solution
is in contrast with four-coordination observed in the solid
state.! The opposite change, five-coordinate in solid state
and four-coordinate in solution, has been observed for
RhCI (mbp,).*

The signal labels in Figure 2 have the same meaning as
those in Figure 1. Resonances ¢ and f may safely be as-
signed to H, for the reasons discussed earlier, but again
the assignment of the other ring proton resonances to Hj
and H; is ambiguous. Proton chemical shifts for coordi-
nated and uncoordinated pyrazolyl groups listed in Table
I for the three complexes indicate that the chemical shifts
of the protons of uncoordinated pyrazolyl groups are not
independent of the nature of the diene in the complex. For
the nbd complex, chemical shifts of the coalesced signals
at —65 °C are within 0.01 ppm of those listed in Table L

The exchange lifetimes as a function of temperature
given in Table II were obtained on the basis of the fol-
lowing considerations. First, the fact that the pyrazolyl
proton signals exhibit an AMX rather than an A,X pattern
indicates the absence of any significant exchange of boron
between the two ring nitrogens. Consequently the line-
shape changes can be related to exchange between “free”
pyrazolyl and rhodium-coordinated pyrazolyl groups, and
the position of the ring protons relative to boron is not
altered. Second, since the position of the protons is not
altered they have the same exchange lifetimes. For this
reason, the lifetime determination is based only on an
analysis of the b—d resonance pairs. Third, it is assumed
that the sign of each proton—proton coupling constant does
not change when “free” pyrazolyl becomes coordinated to
rhodium. Consequently for dq, the exchange averages the
lower field line of b with the lower field line of d and
likewise for the higher field lines of b and d. For B-
(pz);Rh(cod), since the doublets are not resolved at —89.6
°C, b and d (Figure 2) are treated as broad singlets having

Table II. Temperature Dependence of Rates 1/7 for Exchange between Free and Coordinated Pyrazolyl Groups
in B(pz),Rh(diene)

dg t,°C 25 35 40
1/r, s 3 8 17
cod t, °C -88 -87 ~83.5

1/7,s™t 2.4 2.5 3.5

45 50 55.5 60 65
23 40 55 75 115
-76.5 -73 -69.5 -66 -62.5
4.6 12.5 20 35 49
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Table III. Transition-State Parameters for
Fluxional B(pz),Rh(diene)

AHF kJ = AS*J AG*,,,0 kd
mol™! mol™! deg™! mol™! rb
dg 73.2z: 2.8 14.5+ 8.2 68.9 + 5.3 0.996
cod 359=3.9 -40.3 = 20.0 479+ 8.9 0.969

¢ Values of AG¥,,, were calculated from the equation
AG = AH — TaS. b Correlation coefficient of straight line
approximation of relationn 1/7 = F(1/T).

line width in the absence of exchange equal to the sum of
the line widths and coupling constant of the corresponding
doublet in the 30 °C spectrum. Again, this line width is
relative to that for an internal standard (CH,Cl;). The
solvent CDCIl; was used for each complex. Consequently
some of the temperatures used for the cod complex in-
volved super-cooled solutions.

The exchange rates 1/7 given in Table II indicate that
the pyrazolyl groups in B(pz) Rh(dq) exchange more slowly
than those in B(pz),Rh(cod). In turn it appears that the
exchange is fastest for B(pz),Rh(nbd) because it cannot
be slowed sufficiently to be measured at -81 °C. This
sequence appears to reflect the strength of interaction
between rhodium and the diene. Thus, as the diene be-
comes more electron donating, exchange between “free”
and coordinated pyrazolyl groups in the complex becomes
faster, indicating that the bond between rhodium and
pyrazolyl nitrogen becomes weaker. This conclusion is
consistent with the observation that the nbd-Rh bond
appears more stable than the cod—Rh bond in reactions
of [Rh(diene),]Cl0, with ligands containing group 5 ele-
ments. 6

The exchange appears to be an intramolecular process
because addition of potassium tetrakis(1-pyrazolyl)borate
causes no detectable change in the line shape of the signals,
indicating that an intermolecular process is unlikely. A
plausible mechanism for the intramolecular process in-
volves formation of a four-coordinate intermediate complex

(structure 2).
0
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Although the pyrazolyl groups occupy axial and equa-
torial sites in the complexes, the NMR spectra give no
indication that these sites provide different magnetic en-
vironments for the protons. A possible explanation is that
the pyrazolyl groups exchange rapidly between the axial
and equatorial sites on the NMR time scale at the lowest
temperature reached in these measurements (-89.6 °C for
the cod complex). This process cannot involve rupture of
the rhodium-nitrogen bond because bond breaking is not
fast on the NMR time scale. An alternative explanation
may be that the magnetic environments for the protons
are accidentally equivalent; however they are not equiva-
lent in B(pz),PtCH,(L).1°

(16) Denise, B.; Pannetier, G. J. Organomet. Chem. 1978, 161, 171.
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Figure 3. Rhodium 103 resonance at 12.65 MHz for 0.3 M
B(pz)Rh{cod) in CD,Cl; at 25 °C obtained by Fourier transform
of time-averaged FIDs (1000 scans) over a period of 14 min.

Table III indicates that the errors in AS* are fairly large
so that interpretation of magnitude and sign would not be
meaningful. On the other hand, the errors for AH* are
substantially smaller, and this parameter makes the major
contribution to AG*5s. The fact that the dq complex has
a larger AH* than the cod complex is consistent with the
interpretation that rhodium-pyrazolyl nitrogen bonding
in solution is stronger in B(pz),Rh(dq) than in B(pz)4Rh-
(cod). By means of comparison, rotation of olefins in Rh(I)
complexes have AH* values around 54 kJ mol 1358

103Rhodium Spectra. The first direct observation of
163Rh NMR of rhodium(I) and -(III) complexes in solution
was made by Gansow and co-workers!! by means of FT
NMR using a Bruker WH-180 and highly concentrated
samples (about 2 M) in 20-mm tubes. Even under these
conditions, about 10 h of time averaging was required, and
in the case of the Rh(I) complex a paramagnetic agent was
added to reduce the T relaxation time. More recently
Gruninger, Schwenk, and Mann report the observation of
the 1Rh resonance of 0.19 M (acac);Rh in CHC; using
the Quadriga—Fourier transform technique.!? This ap-
proach required a total measuring time of 2 h.

The direct observation of the !Rh resonances for the
dq, cod, and nbd Rh(I) complexes reported here were
measured by the standard FT NMR technique using a
Bruker WH-400 and 10-mm sample tubes containing 0.2
M complex in CDCl;. The signal illustrated in Figure 3
for the cod complex required 14 min of time averaging at
25 °C. Although the higher field of the WH-400 provides
some increase in sensitivity relative to the previous studies,
the most important factor probably is the substantially
shorter T, relaxation times for the rhodium in the present
complexes allowing short acquisition times. Total ac-
quisition time for one scan is 0.82 s at 25 °C for the cod
complex. A detailed study of the relaxation times of the
complexes has been reported in another paper.'®

The absolute frequency of the 1Rh resonance of
{acac)Rh(CO), is 12.626913 MHz at 25 °C when the 'H
resonance of Me,Si occurs at 400.13 MHz. Chemical shifts
of the “Rh resonances at 25 °C relative to (acac)Rh(CO),
are 392.4, 453.8, and 1855.9 ppm downfield for the cod,
nbd, and dq complexes, respectively. This sequence does
not correspond to the sequence of exchange rates observed
for these complexes. It is possible that carbonyl groups
of dq have a strong effect on the %Rh resonance chemical
shift. The chemical shifts and 7 relaxation times are
temperature dependent.!?
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The reactions of eqg-Re,(CO), L (L. = CH,CN, pyridine, CH;NH,, or C,H;NH,) and of 1,2-eq,eq-Re,(CO)sL,
(L = CH4CN, pyridine (py)) have been examined under sunlamp irradiation. 1,2-eq,eq-Re,(CO)g(CH3CN),
is observed as the primary photoproduct under continuous photolysis of Re;(CO)o(CH;CN). Re (CO),(OH),
is formed from a side photochemical reaction of the CH;CN compounds with residual H,O in the THF
or heptane solvent. The initial rhenium-containing products of the photochemical reaction of eq-Re,-
(CO)q(pyridine) or of 1,2-eq,eq-Re,(CO)s(pyridine), under continuous photolysis in THF are Re,(CO)y,
Re(CO)5(py)s*, HRe(CO)y4, and 1,1-(u-H)Rey(CO)4(py)(NCzH,) (formed in similar yields with either starting
compound). Flash irradiation of eg-Re;(CO)y(py) in THF allows detection of the intermediate 1,2-eq,-
eq-Rey(CO)s(py) o (u-H)Rey(Co)g(NCgH,) can be prepared in a thermal reaction from 1,2-eq,eq-Re,(CO)g(py)s.
It reacts slowly with pyridine to yield 1,1-(u-H)Re,(CO);(py)(NC;H,). Photolysis of eq-Re,(CO)s(RNH,)
(R = CHj, C,H;) in heptane yields Re,(CO),, and a precipitate of 1,1-Rey(CO)s(RNH,),. Mechanisms are
proposed for the photochemical reactions of the nitrogen-base compounds. The primary photoprocess
in all cases is homolytic cleavage of the Re-Re bond. Loss of CO or L from the Re(CO)L- radicals allows
formation of Re(CO)g and Re(CO);L species. The rate of dissociation of L from photogenerated Re(CO),L-
appears to be comparable to that of CO. Analogies to the photochemical reaction of Re,(CO),, with H,O

1143

are noted.

Introduction

A study of the photochemical reactions of nitrogen base
substituted dinuclear carbonyl compounds eg-Re,(CO),L
and eq,eq-Re,(CO)4L,, where L represents a nitrogen base
such as pyridine (py), was initiated in the likelihood that
their behavior might parallel that of eq-Rey(CO)o(OH,) and
eq,eq-Re,(CO)g(OH,),, proposed as intermediates in the
photochemical reaction of Re,(CO),, with H,0.2 Nitrogen
bases, like H;0, bond to the metal center principally
through a s-donor interaction. Because nitrogen ligands
are generally stronger donors than Hy,O or other oxygen-
derived bases, nitrogen base substituted compounds are
commonly more robust. Photochemical reactions of eq-
Re,(CO)yL and 1,2-eq,eq-Rey(CO)gL,? may therefore be
expected to yield stable, characterizable products which
are analogs of intermediates postulated in the photo-
chemical reaction of Re,(CO),, with H,0.

The photochemical behavior of dinuclear metal carbonyl
compounds substituted by nitrogen bases has been little
studied. Although some similarities to the behavior of
phosphorus-substituted analogues are expected,*® nitrogen
and oxygen base substituted compounds frequently give
rise to different products. As shown in the results de-
scribed below, we have found that to be the case in the
present study.

Experimental Section

Much of the experimental detail has been described elsewhere.?

Reagents. Methylamine, CH;NH, (40% in H,0), and ethy-
lamine, C;H;NH,; (anhydrous), were purchased from Eastman
Chemicals and used without further purification.

(1) This research was supported by the National Science Foundation
through Research Grants CHE76-17570 and CHE79-13-8010730.

(2) Gard, D. R.; Brown, T. L. J. Am. Chem. Soc., in press.

(3) The numerical prefizes in compound names denote the metal
centers. The stereochemistry of ligand placement, where known, is de-
noted by the terms ax (for axial) and eq (for equatorial).

(4) Wrighton, M. S.; Ginley, D. S. J. Am. Chem. Soc. 1975, 97, 2065.

(5) Kidd, D. R.; Brown, T. L. J. Am. Chem. Soc. 1975, 97, 2065.

(6) Geoffroy, G. L.; Wrighton, M. S. “Organometallic Photochemistry”;
Academic Press: New York, 1979,

0276-7333/82/2301-1143$01.25,/0

Pyridine, C;H;N(py), and acetonitrile, CH;CN, both Mal-
linckrodt AR, were dried over 3A molecular sieves. Pyridine-d;
{Merck and Co., >99%D) was used directly.

Preparation of Compounds. eg-Dirhenium nonacarbonyl
acetonitrile, eq-Re,(CO)q(CH3;CN), was prepared following a
preparation by Koelle.”

The preparation of eq,eq-dirhenium octacarbonyl bis(aceto-
nitrile), eq,eq-Rey(CO)s(CH;CN), is described in a previous paper.?

eg-Dirhenium nonacarbonyl pyridine, eq-Re,(CO)4(py),
was prepared by using the method of Koelle:” IR v¢g (CHoCly):
2101 (w), 2040 (m), 1986 (s), 1957 (w-m), 1921 (m) cm™ (lit.
(hexane) 2099 (1.4), 2039 (3.6), 2011 (3.3), 1985, 1982 (10), 1972
(sh), 1960 (3.9), 1946 (1.6), 1933 (5.9) cm™); UV-vis (THF) 291
(e 10000), 312 (10500), 337 (13600).

1,2-eq,eq-Dirhenium octacarbonyl bis(pyridine), eq,eq-
Rey(CO)s(py)y, and 1,2-eq,eq-dirhenium octacarbonyl bis-
(perdeuteriopyridine), eq,eq-Re,(CO)s(py-ds),, were prepared
following a synthesis by Koelle:” IR v (CH,Cl,) 2061 (w), 2005
(m), 1955 (s), 1922 (vw), 1907 (m) cm™; UV-vis (THF) 288 (e
11000), 355 (13800), 430 nm (4900, sh); field desorption mass
spectrum (FDMS), parent ions at m/e (relative intensity) 752 (31),
754 (100), 756 (94) for the bis(pyridine) complex. No daughter
ions observed.

Satisfactory elemental analyses (C, H, N) were obtained for
all of the compounds mentioned above.

eq-Dirhenium nonacarbonyl methylamine, eq-Re,-
(CO)g(CH;NH,), was prepared by adding Re,(CO),, (352 mg, 0.54
mmol) to 15 mL of THF and 6 mL of 40% CH3NH, in H,O. A
60-mg sample of (CH;)sNO-2H,0 (0.54 mmol) was then added,
the flask stoppered, and the mixture warmed to 50 °C while being
stirred for 12 h. The solvent was removed under vacuum, and
the solids were chromatographed on silica with hexane/CH,Cly:
yield 150 mg (0.23 mmol), 42%; IR vco (CH,Cly) 2100 (w), 2038
(m), 1983 (s), 1951 (w-m), 1913 cm™L; UV-vis (THF) 310 (e 9700),
334 (11400), 380 nm (2300, sh), (cyclohexane) 308, 383 nm; 'H
NMR (acetone-dg) 7 3.67, (br, 0.61, (NH,), 2.70 (t, J = 6 Hz, 1.00,
CHj;); FDMS, parent ions at m/e (relative intensity) 653 (41), 655
(100), 657 (87). Rey(CO)y* daughter ions present. Anal. Caled
for Rey(CO)o(CH;NH,) (655.6): C, 18.32; H, 0.77; N, 2.14; O, 21.97;
Re, 56.81. Found: C, 18.53; H, 0.75, N, 2.15.

eq-Dirhenium nonacarbonyl ethylamine, eq-Re,(CO),-
(C,H;NH,), was prepared by dissolving Re,(CO),, (1.041 g, 1.60
mmol) in 30 mL of THF. A 3-mL sample of (C,H;NH, was then

(7) Koelle, V. J. Organomet. Chem. 1978, 155, 33.
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added, followed by 185 mg of (CHj3)3sNO-2H,0 (1.66 mmol). The
solution was stirred at 25 °C for 4 h. The solvent was then
removed under vacuum, and the gummy solids continued to be
pumped on without heating until dried (about 3 days). The
precipitate was extracted with a small volume of CH,Cl,; the
soluble yellow portion is eg-Re,(CO)o(C;H;NH,). The less soluble
yellow complex has not been characterized, but it has an IR
spectrum coincident with that of the desired product except for
a band at 1891 cm™ instead of 1912 cm™.. Attempts to purify
eg-Re,(CO)o(C,HsNH,) by chromatography, sublimation, or drying
by warming to 50 °C under vacuum resulted in decomposition
to HRe3(CO)y,. As a result, eg-Rey(CO)o(C,H;NH,) generally
contains a small amount of this impurity and some Re;(CO),:
yield 600 mg (0.90 mmol), 56%; IR vco (CH,Cl,) 2100 (w), 2039
(m), 1983 (s), 1952 (m), 1912 (m) cm™; 'H NMR (acetone-dg) 7
6.45 (br, 0.33, NH,), 7.18 br m, 0.58, CH,), 8.95 (t, J = 7 Hz, 1.00,
CHj); FDMS, parent ions at m/e (relative intensity) 667 (33), 669
(100), 671 (92). Rey(CO)g* daughter ions present.

Photolyses. Continuous photolysis was performed with Py-
rex-filtered sunlamp radiation which consists primarily of 366-nm
wavelength.®

A brief (60-ms), intense flash of white light is furnished by
discharging a Sylvania M3 flashbulb with a 3-V source.

Results

Photochemical Reactions of eq-Rey;(CO)o(CH;CN).
Sunlamp photolysis of eq-Re,(CO)g(CH;CN) in THF leads
to the production of Rey(CO)yq, 1,2-eq,eq-Rey(CO)s-
(CH4CN),, and Re,(CO),5,(OH),, as observed with IR
spectroscopy (eq 1). An additional compound, I, with an

eq-Re,(CO)s(CH,CN) i

THF or heptane
RGQ(CO)“) + eq,eq-Reg(CO)s(CH3CN)2 -+
Re,(CO),5(OH), + red (ionicI) complex (1)

intense red color was also isolated by chromatographic
separation. The red compound was not completely
characterized as it is formed in low yields (<2%) and is
unstable. It is believed to be ionic; intense IR absorptions
ascribed to this species are observed near 2000 and 1890
cm™L,

The only stable product resulting from prolonged irra-
diation of eq-Rey,(CO)o(CHZCN) in THF is Rey(CO),5(OH),.
The hydroxo compound is formed by a photochemical side
reaction of the initially formed compounds with residual
amounts of H,0 in the THF solvent.

Sunlamp photolysis of eg-Re,(CO)o(CH;CN) in heptane
vields the same products as in THF: 1,2-eq,eq-Re,-
(CO)s(CHZCN),, compound I, and some of the Re,(C-
0)2(OH), are precipitated from solution. Compound I is
formed only after continued irradiation. Complete con-
version of all rhenium compounds to Re,(CO);,(OH), does
not take place because there is inadequate trace water in
heptane for quantitative reaction.

Photochemical Reactions of eq-Re,(CO)y(py) and
1,2-eq,eq-Re;,(CO)4(py). Sunlamp photolysis of eg-
Re,(CO)g(py) (py = pyridine) in THF produces Re,(CO),,
in 49% spectroscopic yield (IR) after 70 min. Chroma-
tography of the reaction mixture on silica with THF /pe-
troleum ether eluent allows separation of two additional
products. One is an unstable red compound, II, collected
with about 10% yield, and the second a colorless material,
ITI, formed in approximately 20% yield.

Absorptions in the IR spectrum of II occur at 2071 (w),
2047 (m), 2035 (sh), 2002 (s), 1952 (m), and 1932 (m) cm™!
in THF. A precipitate is formed by addition of Bu,N*I-
in EtOH to a concentrated acetone solution. The precip-
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Figure 1. 'H NMR spectrum of 1,1-(u-H)Rey(CO);(py) (NC;H,)
(II1) in acetone-dg (inset: in CDCI; near 7 1.5).

itate exhibits IR bands expected for Re(CO)4(py);*I- (2038
(s), 1928 (vs, br) ecm™ in acetone). The red supernatant
has IR absorptions at 2050 (m), 2005 (s), and 1959 (m, br)
cm™ in acetone. The anion of II is surmized to be H-
Rey(CO);s~. Bau and co-workers treated Re,(CO),s2~ with
acid to yield a red compound thought to be either HRe,-
(Co)m— or H2R64(CO)16 (2049 (m), 2004 (S), 1956 (m, br)
em™ in CH,CL).* The 'H NMR of II supports the as-
signment as Re(CO);(py);*HRe, (CO),4~. Signals for co-
ordinated pyridine are observed at 7 1-2.5 in acetone-d,
as well as a singlet at  24.29. The intensity ratio of the
pyridine proton signals to the hydride singlet is 15:1. Ions
attributed to Re(CO);(py);* are seen in the field desorption
mass spectrum of II.

Product III exhibits IR bands at 2086 (w), 2021 (s), 1983
(s, br), 1939 (m-s), and 1910 (s) cm™ in acetone. In
benzene, the 1983-cm™ absorption is separated into two
bands at 1992 and 1975 cm™!. Elemental analysis (C, H,
N) is consistent with formulation as Re,(CO),(py),. A
parent ion is observed in the field desorption mass spec-
trum at m/e (relative intensity) 725 (37), 727 (100), and
729 (87), corresponding to the formula Re,(CO),;(py),™.
Daughter ions correspond to successive losses of CO.

The 'H NMR of I1I in acetone-dg is shown in Figure 1.
The presence of two nonequivalent nitrogen environments
per molecule is established, as two triplets are seen due
to two chemically inequivalent pyridine y-protons at 7 2.02
and 2.84. The pyridine 8-hydrogen signals are clustered
near 7 2.5 and the a-hydrogen signals appear at 7 1.29.
Also seen is a singlet at 7 21.30 due to a hydridic hydrogen.
The intensity ratio for the o:8:v:ReH signals is 3:4:2:1,
indicating that the hydride originated as a pyridine a-
hydrogen. This point was confirmed by photolysis of eg-
Rey(CO)g(py-ds) in THF. In CDCI, solution, the signals

(8) General Electric Lighting Business Group, “RS Sunlamp Report”,
Nela Park, Cleveland, OH.

(9) Bau, R.; Fontal, B.; Kaesz, H. D.; Churchill, M. R. J. Am. Chem.
Soc. 1967, 89, 6374,
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due to the a-hydrogen for each pyridine moiety are shifted
slightly to reveal that the apparent asymmetric triplet
observed in acetone-dg is actually two doublets (r 1.45, 1.59;
J,s = 6 Hz) with a ratio of intensities 1:2.

The formulation Re,(CO),(py); can be accounted for by
the presence of one normally coordinated N-bound pyri-
dine and one pyridine ligand which is ortho metalated.
Compound III is therefore hereafter referred to as (u-

Py
H
\ Ile/ \ ILE/
v | Yo w7 | ~

III; 1,1'(ﬂ'H)Rez(co)7(pY)(NCsH4)

H)Re,(CO),(py){NCzH,). Both nitrogen atoms are coor-
dinated to the same Re atom. The IR spectrum of
HRe,(CO);(py)(NCzH,) is similar to that of (u-H)Re-
(C0O),(MesNO)(NC;H,) for which an X-ray structural de-
termination places both the Me;NO ligand and the pyri-
dine nitrogen on the same metal atom of the complex.°
A triosmium complex structurally similar to III has been
prepared from Os,(C0O),o(CH;CN), and pyridine at 80 °C.1!
The IR spectrum in the 1650-1000-cm™ region displays
weak aromatic ring vibrations and from 800 to 650 cm™
C-H deformation modes of medium intensity. Some of
these are at nearly the same frequencies as for eq-Re,-
(CO)y(py) and 1,2-eq,eq-Re,(CO)g(py)s. Others are shifted
considerably as a result of metalation of the second pyr-
idine.
The sunlamp photolysis of eq-Re,(CO)y(py) in THF,
therefore, proceeds initially as in eq 2. An important point
hy
eq-Rey(CO)o(py) — =~
Rez(CO)m (49%) + Re(CO)a(py)g"'HRe(CO)ls' (10%)
+ (u-H)Rey(CO)(py) (NCsH,) (20%) (2)

is the absence of any observable 1,2-eq,eq-Reo(CO)g(py)..
The nearly 50% yield of Re,(CO),, is accounted for by
cross-coupling of the radicals formed following homolysis
of the metal-metal bond of eq-Re;(CO)q(py). However,
1,2-Re,(CO)4(py),, which would also be expected, is not
seen under continual photolysis conditions. On the other
hand, when eg-Re,(CO)y(py) solution is irradiated with a
single, intense flash, the products observed are Re,(CO)4,
1,2-eq,eq-Re,(CO)4(py),, and III (eq 3). The 1,2-eq,eq-

flash
eq-Re;(CO)(py) — > Rey(CO)y +

eq,eq-Rey(CO)g(py); + (u-H)Rey(CO)-(py)(NCsHy) (3)

Re,(CO)s(py), produced is itself quite light-sensitive; it
reacts to yield Re(CO),(py)s"HRe (CO) i~ and (u-H)Re,-
(CO),(py)(NC;H,) under continuous photolysis.

The contention that the bis(pyridine) compound is the
precursor to the above products is supported by the ob-
servation that photolysis of 1,2-eq,eq-Re,(CO)g(py); in
THF forms the same products, in similar yields (eq 4).
Remarkably, the yield of Rey(CO),, as estimated from IR
intensities, is 42%. Whereas Re,(CO);, Re(CO)s(py)s*-

hy
1,2-eq,eq-Rey(CO)s(py)s —z~ Rex(CO)yo (42%) +

eq-Re,(CO)gpy (small amount) +
Re(CO);3(py)stHRey (CO) 14 (20%) +
(H'H)Rez(COIﬁ(PY)(NcsHO (20%) (4)

(10) Nubel, P. O.; Brown, T. L., unpublished observations.
(11) Tachikawa, M.; Shapley, J. R. J. Organomet. Chem. 1977, 124,
C19.
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HRe,(CO);¢, and (u-H)Rey(CO),(py) (INC5Hy) are formed
initially in the photolysis of eq-Rey(CO)gpy or 1,2-eq,eq-
Re,(CO)4(py), in THF, a species giving rise to IR bands
at 2001 and 1878 cm™! is generated under prolonged pho-
tolysis with complete consumption of the initially formed
products. The final product, not completely characterized,
is thought to be ionic. In heptane, a compound with a
similar IR spectrum is very rapidly formed as the sole
product upon photolysis of eq-Re,(CO)g(py) or 1,2-eq,eq-
Rey(CO)4(py)e.

Photochemical Behavior of eq-Re,(CO)o(RNH,) (R
= CH;, C;H;). Sunlamp photolysis of eg-Rey(CO)y-
(CH3;NH,) in heptane yields Re;(CO), and a light-colored
precipitate. Elemental analysis of the precipitate is con-
sistent with the formula Rey(CO)g(CH3;NH,),. Anal.
Caled: C, 18.24; H, 1.53; N, 4.25. Found: C, 18.33; H, 1.72;
N, 3.89. FDMS confirms assignment of the precipitated
material as Re,(CO)y(CH;NH,), with a parent ion at m/e
(relative intensity) 656 (29), 658 (100), and 660 (90).
Daughter ions indicate a preferential loss of CH;NH,. The
'H NMR of Re,(CO)4(CH3NH,), in acetone-dg exhibits a
broad feature at  6.25 and a triplet at = 7.05 attributed
to the amino and the methyl protons, respectively. The
IR spectrum indicates that the amine ligands have not
undergone metalation; vy near 3330 cm™ is a doublet, and
bands characteristic of a methylene group (single 6(CH)
absorption, strong CH, rocking made at 720~750 ¢cm™) are
absent.

Carbonyl stretching modes of Re,(CO)g(CH;NH,), are
observed at 2070 (m), 1990 (s), 1955 (s, br), 1883 (m), and
1867 (m) cm™ in THF. This pattern is, however, not
characteristic of 1,2-eq,eq-Re,(CO)g(CH3;CN),, 1,2-eq,eq-
Rez(CO)s(PY)z, or 1,2-M2(CO)3P2 (M = Mn, Re; P =
phosphorus atom donor ligand). Re,(CO)gs(CH3NH,), is
therefore judged to be 1,1 disubstituted; i.e., both amine
ligands are bound to the same metal atom. The photolysis
of eq-Re,y(CO)o(CH;NH,) in heptane thus proceeds as in
eq 5.

2 eg-Rep(CO)olCHaNH} Reg(CO)yp +

Av
—_—
heptane

\/ \/

CH3NHp,——Re—Re — (5)

VAXA

CHaNH;

Sunlamp photolysis of eq-Re,(CO)(C,H;NH,) in hep-
tane proceeds as for the corresponding CH;NH, complex.
The precipitated Rey(CO)s(C,H;NH,), has an IR spectrum
identical with that of Rez(co)s(CH3NH2)2 in the Yoo region.
Re,(CO);; and an unstable red material, probably ionic (vog
2005, 1880 ¢cm™), are produced following sunlamp irradi-
ation of eq-Re,(CO)y(CH;NH,) in THF solvent. The red
compound is not thought to be a primary photoproduct.
Prolonged photolysis generates higher yields of the red
material.

Thermal Reactivity of eq-Re,(CO),L and eg,eq-
Re,(CO)gL, (L = Nitrogen Ligand). eg-Rey(CO),-
{CH4,CN) does not react after 20 h in refluxing THF either
by itself or in the presence of H,O. In contrast, the bis-
(acetonitrile) complex is quite reactive with H,0, yielding
Re,(CO)15(OH), (eq 6). Refluxing eg-Re,(CO)q(py) in

9eq,q-Re,(CO)5(CH,CN), + 4H,0 %}

Re,(CO),(0OH), + 4CO + 4CH,CN + 2H, (6)

benzene (80 °C) for 20 h leads to no reaction. In contrast,
after only 30 min in refluxing benzene, 1,2-eq,eq-Re,-
(CO)g(py)s converts in substantial yield to (u-H)Rey-
(CO)s(NC:sH,), IV (eq 7). This product was absent in the
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1,2-¢9, eq-RezCOMlpy)y ——2w

benzene, 30min

(k-H)ReICOBINCsHa) + py

v
;Zon

(7)

(1-H)Rea(CON(py)(NCsH4) + CO
III

photochemical reactions (eq 2—4). After 20 h at 80 °C, the
displaced pyridine replaces a CO to quantitatively yield
IIL

,l\c N(l

©
IV, (u-H)Re,(CO),(NC,H,)

IV was characterized as follows: IR vgq (acetone) 2114
(w), 2087 (w-m), 2018 (s), 1991 (m, sh), 1955 (m) cm™; 'H
NMR (acetone-dg) = 1.76 (a-H, (d, J,3 = 6 Hz, relative
intensity of 1), 2.70 (8,8’-H, complex multiplet, relative
intensity of 2), 3.14 (y-H, triplet of doublets, J4, = 7 Hz,
J,y = 2 Hz, relative intensity of 1), 24.562 (u-H, s, relative
intensity of 1). FDMS, m/e (relative intensity) parent ions
at 673 (32), 675 (100), 677 (80) (no substantial daughter
ions observed). Anal. Caled for HRey(CO)g(NC;H,)
(675.6): C, 23.11; H, 0.76; N, 2.07. Found: C, 23.28; H,
0.78; N, 2.08.

Compound IV may also be prepared by displacement
of both acetonitrile ligands from 1,2-eq,eq-Rey,(CO)g-
(CH;CN), (eq 8).

eq,eq-Re,(CO)g(CH3CN), + py —
(u-H)Reo(CO)g(NC;H,) (8)

°

Discussion

Our results indicate that photochemical reactions of
Rey(CO)oN compounds proceed via metal-metal bond
homolysis, with subsequent formation of Re,(CO),, and
Re,(CO)gN, as the radicals recombine. 1,2-eq,eq-Re,-
(CO)s(CH3CN), is the major initial product in photolysis
of Rey(CO)qCH;CN. The corresponding substituted pyr-
idine compound, 1,2-eq,eq-Reo(CO)s(py),, is observed upon
flash irradiation of Re(CO)q(py). The intermediacy of
1,2-eq,eq-Re,(CO)g(py), in the continuous photolysis of
eq-Re,(CO)gpy is supported by the observation that similar
yields of the same products are obtained when 1,2-eq,eq-
Rey(CO)g(py), is irradiated.

The electronic spectra of Rey,(CO),o(py), (x = 0~2), are
shown in Figure 2. Note that the absorption maximum
at 310 nm, attributed to the oc—¢* transition in Re,(CO),,,
is shifted to longer wavelengths upon substitution by
pyridine. Given the predominant contribution of 366-nm
wavelength light in the irradiation source, it is not sur-
prising that the steady-state concentration of the inter-
mediate 1,2-Re,(CO)qg(py), should be low during photolysis.
A similar absence of 1,2-eq,eq-Re,(CO)g(RNH,), during
irradiation of the corresponding eq-Re;(CO)o(RHN,) or of
Re,(CO)g(OH,), during irradiation of eq-Re,(CO)q(OH,)?
can be explained by using the same argument.

The photochemical reactions of eg-Re,(CO);Li com-
pounds can be accounted for in terms of reaction in
Scheme I. Though not directly observed under all con-
ditions, 1,2-eq,eq-Re,(CO)gL, is probably formed initially,
as discussed above. For L. = CH,CN, reaction proceeds
only as far as 1,2-eq,eq-Re,(CO)s(CHZCN), before reaction
with residual water leads to conversion to Re,(CO),,(OH),.
In this case the reaction pathway is determined by the
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Figure 2. Electronic absorption spectra of equal concentrations
of Rey(CO)yg (- -‘-), eq-Rey(CO)o(py) (-—-), and 1,2-eq,eq-Re,-
(CO)g(py)g (—) in THF.

Scheme I

2eq-Rep(COlgL ‘h—;‘ Res(CO\g + 1, 2-eg, eq-RelCOlsl 2 (9)
1,2-eq, eq-Rex(COlgLp :—Vi 2Re(CO),Le (10)
Re(CO)ge + L 11

Re(CO)Le Z ) o
S Re(COsLe + CO (12)

Re(COlge + CO —= Re(COlgs (13)
Re(COsL® + L —= Re(CO)slo* (14)
2Re(CO)g* —= Rea(COMo (15)
Re(CO)s* + Re(CO)4ls — eg-Rep(COgL (16)
Re(COlse + Re(COlsLp* —= 1,1-RexCOlgle (17)

Re(COls* + Re(COJzLe — X—)é (18)
Re(CO)ale + Re(CQO)a — %%
D |
Re(COl4Le + Re(COLe —= }% —
L Lt

- #-H)Rez (CONlpy)INCsHa) (20)

Re(COlsLy + RelCOlgr —= .%% — I (21)
‘CO

1,1~ Re»(COJgl (22)

(19)

lability of the nitrogen ligand.

Homolytic cleavage of Rey(CO)gL, leads to the Re(C-
0O),L- radical. The appearance of products other than
those resulting from simple cross-coupling requires that
ligand-exchange reactions occur. Either the nitrogen ligand
or CO may be lost, as shown in eq 11 and 12. We do not
know in detail about the relative rates of these reactions,
but the product distributions would suggest that they must
occur at comparable rates. Similarly, we do not know in
detail the relative rates of recombination of the 15-electron
intermediates, Re(CO), or Re(CO);L, with nucleophiles
such as L or CO. Recombination with CO and subsequent
recombination to form Re,(CO),, must be quite facile,





Photochemistry of Rhenium Carbonyl Compounds

because Rex(CO),, is formed in high yield upon photolysis
of 1,2-eq,eq-Res(CO)g(py)s. One reason for the high yield
of this product has already been alluded to; it possesses
a lower cross section for absorption of photons from the
irradiation source than the other substituted dinuclear
species and thus serves as a kind of sink for Re(CO);
radicals once they are formed.

In accounting for the results of a flash photolysis study
of Re,(CO),o and Mny(CO)y4,12 recombination of a 17-
electron radical with a 15-electron species formed by loss
of a ligand from a 17-electron radical was invoked. The
products observed in the present study are consistent with
a dominant role for the analogous reactions, (21) and (22).

Recent studies of substituted manganese carbonyl rad-
icals Mn(CO)zLy, where L is a phosphorus ligand, indicate
that the labilities of radicals toward ligand loss vary in the
order M(CO),» > M(CO), L+ > M(CO),_;Ls.18 If this same
type of behavior applies to rhenium carbonyl radicals with
nitrogen ligands, then it is reasonable to expect that re-
action 21 will be more important than recombination
processes involving substituted 15-electron metal centers,
asineq 18 or 19. An important role for reaction 17 is ruled
out by the absence of the 1,1-disubstituted product when
L is pyridine. While reactions 18 and 19 could occur, the
coordinatively unsaturated species so formed do not react
when L = py to form compound IV, formed under thermal
reaction conditions. Certain other pathways are ruled out
by the observation, based on X-ray crystallographic results,
that the same rhenium center carries both nitrogen coor-
dination sites in the oxidative addition product, as in IIL
The distinction between the pyridine and alkylamine cases
in this scheme arises in the relative rates of oxidative
addition of C-H bonds to the second metal center. We
propose that this process is sufficiently rapid in the case
of pyridine to compete effectively with addition of a nu-
cleophile from the medium, eq 21, whereas addition of CO

(12) Wegman, R. W,; Olson, R. J.; Gard, D. R.; Faulkner, L. R.; Brown,
T. L. J. Am. Chem. Soc. 1981, 103, 6089.

(13) McCullen, S. B.; Walker, H. W.; Brown, T. L. J. Am. Chem. Soc.,
1982, 104, 4007.
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dominates when L is either CH;NH, or C,H,NH,, eq 22.
The dinuclear product molecules are removed from the
system upon formation by their low solubility in heptane.

Disproportionation processes, probably involving elec-
tron transfer from highly substituted metal carbonyl
species to less substituted molecules,!* are competitive with
the reactions shown in Scheme I. We have not accounted
for reactions of this type in any detail. Indeed, the
chemical processes involved in arriving at the complex ionic
products formed will be difficult to sort out. However, one
generality that emerges from these studies of substituted
rhenium compounds is that the relative amounts of ionic
compounds formed in the photochemical reactions of
Re,(CO),, with bases L increase in the order CH;CN <
H,0 < THF < py < CH;NH,. This is the order of in-
creasing donor strength of these ligands as measured, for
example, by the donicity parameter,'® or E and C val-
ues. 1617

The results obtained for photolysis of Re,(CO)oL com-
pounds lend support to the reaction scheme proposed to
account for the reaction of Rey(CO),, with water.?2 In
particular, the formation of Rey(CO)sL, compounds as
intermediates is analogous to the proposed formation of
an unstable Rey(CO)s(OH,),. Compounds III and IV are
analogous to (u-H)Rey(CO),(OH)(OH,) and (u-H)Re,-
(CO)s(OH), respectively, postulated as intermediates in the
reaction pathways leading to the final product Re,(C-
0);2(OH),.

Registry No. eg-Rey(CO)y(py), 67486-87-7; eq-Re,(CO)s(py)s,
67605-95-2; eq-Rey(CO)g(py-ds),, 82390-33-8; eg-Rey(CO)o(CH3;NH,),
82390-34-9; eq-Rey(CO)o(C,H;NH,), 82390-35-0; Re, 7440-15-5.

(14) McCullen, S. B.; Brown, T. L. Inorg. Chem. 1981, 20, 3528.

(15) Gutmann, V. “Coordination Chemistry in Non-Aqueous
Solutions”; Springer-Verlag: New York, 1968; Chapter 2.

(16) Drago, R. S. Struct. Bonding (Berlin) 1978, 15, 73.

(17) The tendency toward disportionation behavior appears to be
greater for manganese, as evidenced by the results obtained in photo-
chemical reactions of Mny(CO),, with pyridines.’* Further, whereas it is
possible to form eq-Mn,(CO)¢(py) by thermal reaction of Mn,(CO),, with
py, using (CH;);NO to promote CO loss, use of 2 equiv of the amine oxide
leads to formation of ionic products.
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Intramolecular coupling reactions involving the ligands CS; and Ph,PC=CR held proximate in the
coordination sphere of a mononuclear iron carbonyl complex have been explored. Reaction of Fe,(CO)q
with the phosphinoacetylene Ph,PC=C-t-Bu in CS; solution affords trans-Fe(*CS,)(CO)y(Ph,PC=C-t-Bu),.
In MeOH under reflux Fe(»?CS,)(CO),(Ph,PC=C-¢t-Bu), is converted to the complex Fe(CO)(Ph,PC=
C-t-Bu)[Ph,PCH=CS(¢-Bu)][CS(OMe)] which contains novel, chelating Ph,PCH=CS(¢-Bu) and »>-CS-
(OMe) ligands. Similarly trans-Fe(n?-CS,)(CO)4(LY)(L?) (L, L? = tertiary phosphine or phosphite) in the
presence of phosphinoalkyne Ph,PC=CR (R = Ph, ¢{-Bu} in methanol are converted to Fe(CO)(L!)-
[Ph,PCH=CS(R)][CS(OMe)]. Correspondingly Fe(n>-CS,)(CO),(PPh;)(PMe,Ph) in CH,Cl, reacts with
EtSH and Ph,PC=C-t-Bu to afford Fe(CO)(PMe,Ph)[Ph,PCH=C(S)-t-Bu][CS(SEt)]. These compounds
were characterized by microanalysis, 'H, 3P, and ®C NMR spectroscopy, and mass spectroscopy. Single
crystals of the title compound Fe(CO)[P(OMe),][Ph,PCH==CS(t-Bu)][CS(OMe)] are triclinic of space group
Plwitha = 11.115 (1) &, b = 11.347 (1) A, ¢ = 12.882 (1) A, a = 97.80 (1)°, 8 = 64.90 (1)°, v = 83.97 (1)°,
and Z = 2. The structure was solved and refined to R = 0.042 and R, = 0.051 on the basis of 2647
independent Syntex P2, measured reflections (Mo Ka radiation). The stereochemistry of the iron atom
is pseudo square pyramidal with an axial CO group, the phosphorus, and sulfur atoms of the chelating
PS ligand, the phosphite phosphorus atom, and the carbon atom of the #2-CS(OMe) group forming an
approximate square plane. The sulfur atom S(2) of the C(S)OMe group also interacts with the iron atom.
Likely mechanisms for these novel reactions are discussed. The synthetic route has potential for the

generation of rigid, chelating PS ligands.

Introduction

In n2-CS, complexes of iron, notably Fe(n2-CS,)(CO),-
(LY(L%» (LY, L? = tertiary phosphines or phosphites),
charge transfer from the donor ligands through the metal
atom to the coordinated CS, molecule reinforces the nu-
cleophilic character of the uncoordinated sulfur atom.? As
a direct consequence this sulfur atom can be readily al-
kylated by alkyl halides® or used as a ligating atom in the
formation of binuclear or polynuclear complexes with CS,
bridges. Moreover the #2-CS; moiety has 1,3 dipolar
character, as illustrated by the formation of (dithio-
carbene)metal complexes via the addition of electrophilic
alkynes across the coordinated CS, moiety.® We were
intrigued by the possibility of exploiting these properties
to accomplish the intramolecular coupling of an acetylene
held proximate to a coordinated CS, molecule within the
same molecule since such a strategy would have potential
not only for the elaboration of CS, but also for the gen-

(1) (a) Université de Rennes. (b) Guelph-Waterloo Centre.

(2) Le Bozec, H.; Dixneuf, P. H.; Carty, A. J.; Taylor, N. J. Inorg.
Chem. 1978, 17, 2568.

(3) Touchard, D.; Le Bozec, H.; Dixneuf, P. H. J. Organomet. Chem.
1979, 170, C34.

(4) (a) Southern, T. G.; Oehmichen, U.; Le Marouille, J. Y.; Le Bozec,
H.; Grandjean, D.; Dixneuf, P. H. Inorg. Chem. 1980, 19, 2976. (b)
Herberhold, M.; Stiss-Fink, M.; Kreiter, C. G. Angew. Chem., Int. Ed.
Engl. 1977, 16, 93. (c¢) Werner, H.; Leonhard, K.; Burschka, Ch. J. Or-
ganomet, Chem. 1978, 160, 291. (d) Bianchini, C.; Mealli, C.; Meli, C;
Orlandini, A.; Sacconi, L. Inorg. Chem. 1980, 19, 2968.

(5) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. J. Am. Chem. Soc. 1978,
100, 3946.
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eration of new ligands. An attractive method of accom-
plishing such a goal is to use an acetylene with an appro-
priate heteroatom substituent capable of coordinating to
the metal atom in such a fashion as to place the “free”
acetylene adjacent to the #2-CS; ligand. Obvious candi-
dates of choice for such a sequence are the phosphino-
acetylenes since these ligands are known to act as strong
phosphine ¢ donors to a variety of metals.® Moreover, the
uncoordinated triple bonds of P-coordinated phosphi-
noalkynes are sensitive both to nucleophilic attack® and
to acetylene coupling.?® Thus we initiated a program of
studies to synthesise mixed CS,/phosphinoalkyne com-
pounds and to examine their chemistry. In this paper we
describe the synthesis of compounds trans-Fe(%-CS,)-
(CO),(Ph,PC=CR), (R = t-Bu, Ph), intramolecular cou-
pling reactions leading to compounds containing #*-CS-
(OR’) and chelating Ph,PCH=C(R)S ligands and chem-
istry derived therefrom. The novel derivatives Fe-
(CO)(LYH[Ph,PCH=C(R)S][C{OR’)S] result from coupling
of the phosphinoacetylene with CS,, fragmentation of the
latter, and trapping of both CS, fragments in the monomer.
This reaction is of considerable current interest in view
of recent papers describing the cleavage of CS, by cobalt®

(6) (a) Carty, A. J.; Johnson, D. K.; Jacobson, S. E. J. Am. Chem. Soc.
1979, 101, 5612. (b) Wong, Y. S.; Jacobson, S. E.; Chieh, P. C.; Carty, A.
J. Inorg. Chem. 1974, 13, 284.

(7) (a) Carty, A. J.; Jacobson, S. E,; Simpson, R. T.; Taylor, N. J. J.
Am. Chem. Soc. 1975, 97, 71254. (b) Carty, A. J.; Jacobson, S. E.; Taylor,
N. J.; Chieh, P. C. J. Chem. Soc., Dalton Trans. 1976, 1375.

(8) Carty, A. J.; Taylor, N. J.; Johnson, D. K. J. Am. Chem. Soc. 1979,
101, 5422.
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Chemistry of n*-CS; Complexes

Scheme 1

Ph F'C CPh

FO(C-D)a 14+ CSz \ / 1+ Csz Ph /\\ /’:\0
ey — Fe
66% b) 86

Me NO2H.0 (@ / \ {b) 86% (co),

Ph,PC=CPh

i3

1= Ph,PCECPh

and osmium?!® clusters in which fragments of the CS,
molecule are trapped by multisite bonding within the
cluster framework.

Experimental Section

Synthesis. General Procedures. All reactions were carried
out under nitrogen. Phosphinoalkynes were prepared according
to described procedures.!! Infrared spectra were recorded with
a Pye-Unicam SP 1100 spectrometer. A Bruker WP-80 spec-
trometer was used for *'P and 3C NMR spectroscopy. Shifts are
reported relative to external 85% HzPO, and Me,Si, respectively.
The mass spectra were obtained at 70 eV with a Varian MAT 311
(Centre de Mésures Physiques, Rennes). Analyses were deter-
mined at the Centre de Microanalyse du CNRS (Villeurbanne).

Derivative Fe(1?*-CS,)(CO),(Ph,PC=CPh), (6). Method
a. To a stirred solution of 1.12 g (4 mmol) of Ph,PC=CPh (1;
Scheme I) in 10 mL of ethanol were added successively 0.27 mL
of Fe(CO);, 3 mL of CS,, and then slowly with a syringe a solution
of 0.45 g of Me;NO-2H,0 (4 mmol) in 10 mL of ethanol. A red
compound, 6, precipitated at room temperature, was isolated by
filtration and washed successively with ether, ethanol, and ether:
yield 66% (1 g); mp 168-170 °C; IR (Nujol) »(C=C) 2190, »(C==0)
2000, 1930 cm™, »(C=S) 1150 cm™. Anal. Caled for
C43H30F€02P2S2: C, 67.89; H, 3.95, S, 8.42; P, 8.16. Found: C,
65.19; H, 4.00; S, 8.15; P, 8.11.

Method b. To 1 g of 1 (3.5 mmol) and 0.5 g (1.75 mmol) of
(benzylideneacetone)iron tricarbonyl!? in a Schlenk tube was
added 10 mL of CS,. The mixture was stirred overnight at room
temperature. The carbon disulfide was then evaporated, and the
precipitate was washed with ether and ethanol and dried under
vacuum. A 1.15-g (86%) sample of a red product, which was
identified as 6, was obtained.

Derivative Fe(n?-CS;)(CO)y(Ph,PC=C-t-Bu), (7). A mix-
ture of 0.36 g (1 mmol) of Fey(CO)g and 0.53 g (2 mmol) of 2 in
20 mL of C8, was refluxed for 15 min. The excess of CS, was
evaporated, and 20 mL of pentane was added to the red solid
which was then filtered. A 0.38-g (53%) sample of 7 was obtained:
mp 122-125 °C; IR (Nujol) »(C=C) 2220~2180, »(CO) 1995, 1940,
»(C=8) 1150 cm™; 'H NMR (CDCly) 5 1.20 (s, t-Bu). Anal. Caled
for CyeH3FeO,P,S,: C, 65.00; H, 5.30; P, 8.61; S, 8.88. Found:
C, 64.60; H, 5.79; P, 8.18; S, 8.53.

Derivative Fe[=CSC(CO;Me)=C(CO,Me)S](CO),-
(Ph,PC=C-t-Bu), (8). The reaction was performed in an 'H
NMR tube. One equivalent (10 mg) of dimethyl acetylenedi-
carboxylate was added under nitrogen to 50 mg of 7 in 0.6 mL
of C¢Dg. The red solution turned immediately to a brown solution
of a very air-sensitive complex of the (1,3-dithiol-2-ylidene)iron
derivative.® The reaction was quantitative as indicated by the
following: 'H NMR 3 3.36 (s, CO,Me), 1.23 (s, t-Bu); IR (C¢Dy)

(9) (a) Werner, H.; Leonhard, H. Angew. Chem., Int. Ed. Engl. 1979,
18, 621. (b) Bor, G.; Gervasio, G.; Rossetti, R.; Stanghellini, P. L. J.
Chem. Soc., Chem. Commun. 1978, 841,

(10) (a) Adams, R. D.; Golembeski, N. M.; Selegue, J. P. J. Am. Chem.
Soc. 1979, 101, 5862. (b) Broadhurst, P. V.; Johnson, B. F. G.; Thornback,
J. R. J. Organomet. Chem. 1980, 181, 141. (c) Broadhurst, P. V.; Johnson,
B. F. G.; Lewis, J.; Raithby, P. B. J. Am. Chem. Soc. 1981, 103, 3198.

(11) Carty, A. J.; Hota, N. K,; Ng, T. W.; Patel, H. A,; O’Connor, T.
d. Can. J. Chem. 1971, 49, 27086.

(12) Howell, J. A. S.; Johnson, B. F. G.; Josty, P. L.; Lewis, J. J.
Organomet. Chem 1972 39, 329.

(13) Fehlhammer, W. P.; Herrmann W. A.; Ofele, K. In “Handbuch
der Praparativen Anorgamschen Chemle Brauer, G., Eds.; Enke Verlag:
Stuttgart, 1981; Band III, p 1993.
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»(C=C) 2220-2180, »(C=0) 1915, 1855, »(C=0) 1735 cm™.

Derivative Fe(CO)(Ph,PC=C-t-Bu)[Ph,PCH=C(t-Bu)-
S1[#*-CS(OMe)] (9). A solution of 0.35 g (0.48 mmol) of 7 in
30 mL of methanol was refluxed for 2 h. After removal of the
solvent and chromatography on silica gel thick-layer plates
(hexane-ether), red crystals of 9 were isolated: yield 77% (0.27
2); mp 145-147 °C; IR (Nujol) 2180, 1925, 1520, 1290 cm™. 'H
NMR (CDCl;) 4 6.30 (d, %Jpy = 10 Hz, PCH=), 3.80 (s, OMe),
1.50 (s, t-Bu), 1.33 (s, t-Bu). Anal. Calcd for C3H,,FeO,P,S,:
C, 64.64; H, 5.80; P, 8.56. Found: C, 64.69; H, 6.07; P, 7.91.

Derivatives Fe(CO)(L)[Ph,PCH=C(R)S][#*-CS(OR!)]
(10~12). A 1-equiv sample, of an 7*-CS, iron derivative, 3-5,2 and
1 equiv of the phosphinoalkyne 1 or 2 were dissolved in methanol
or ethanol. The solution was refluxed for 1-2 h. The reaction
was followed by thin-layer chromatography. After removal of the
excess of alcohol under vacuum, the crude residue was chroma-
tographed on a silica gel thick layer (eluant, hexane—ether).

The red complexes 10 and 11 were isolated and crystallized
from hexane-dichloromethane mixtures.

10a (L! = P(OMe),, R = t-Buy, R! = Me): 012g(17%)obta1ned
from 0.5 g of 8% (1.15 mmol) and 0.3 g of 2 in 12 mL of MeOH;
mp 120-121 °C; mass spectrum, m/e 582 [M]*, 554 [M ~ CO]*,
430 [M - CO - P{OMe);]*; IR (Nujol) 1935, 1510, 1290 cm™; 'H
NMR (CDClg) §6.20 (dd, 2JP—H =95 HZ, 4JP—H =26 HZ, PCH=),
4.33 (s, OCHy), 3.83 (d, 3Jp_y = 11 Hz, P(OMe);), 1.57 (s, t-Bu);
3P NMR (CDCl,) 5 160.4 (d, P(OMe),), 78.6 (d, Ph,PCH=, 2Jpp
= 262 Hz). Anal. Calcd for CoHyoFeOsP,S,: C, 49.48; H, 5.50;
S, 10.99. Found: C, 49.12; H, 5.74; S, 10.83.

10b (L! = PMe,Ph, R = ¢t-Bu, R! = Me): 0.4 g (68%) obtained
from 0.57 g of 42 (1 mmol) and 0.27 g of 2 in 20 mL of MeOH;
mp 124-125 °C; mass spectrum, m/e 596 [M]*, [M - COJ*, caled
568.087, found 568.087, 430 [M - CO - PMe,Ph]*; IR (Nujol) 1910,
1515, 1280 cm™; 'H NMR (CDCly) 6 6.04 (d, 2Jpg = 10 Hz,
PCH=), 3.70 (s, CHy), 1.87 (d), 1.73 (d, %Jp_y = 9.5 Hz, PMe,),
1.53 (s, t-Bu); P NMR (CDC,) 4 78.9 (d, Ph,PCH=), 26.7 (d,
PMe,Ph, 2Jp_p = 176 Hz); 1*C NMR (CDCl,) 6 298.7 (s, FeCS-),
211.1 (s, CO), 191.6 (s, =C(R)S), 105 (d), 66 (OCHj;), 40.3 (CMej),
31.7 (C(CHa)g). Anal. Calcd for 029H34F902P2S2: C, 58.39, H,
5.71; S, 10.74; P, 10.40. Found: C, 59.48; H, 6.37; S, 9.58; P, 10.35.

10c (L! = PPh;, R = t-Bu, R! = OMe): 0.39 g (47%) obtained
from 0.71 g (1 mmol) of 523 and 0.26 g of 2 in 15 mL of MeOH;
mp 123-125 °C; IR (Nujol) 1935, 1530, 1290 cm™; 'H NMR
(CDCly) 6 7.50 (m, CgHy), 6.05 (d, 2Jp_y = 10 Hz, PCH=), 3.57
(s, OCH,), 1.52 (s, t-Bu).

11 (L! = PPhy, R = Ph, R! = Me): 0.33 g (44%) obtained from
0.71 g (1 mmol) of 523 and 0.29 g (1 mmol) of 1 in 10 mL of MeOH
and 5 mL of CH,Cl, after reflux for 1.5 h; mp 122-124 °C; IR
(Nujol) 1937, 1535, 1295 cm™; 'H NMR (CDCl,) 6 7.40 (m, CgHs),
6.40 (d, 2Jp.y = 9 Hz, PCH=), 3.50 (s, OMe).

12a [L! = P(OMe);, R = t-By, R! = Et]: 0.06 g (5%) obtained
from 0.88 g of 3% (2 mmol) and 0.34 g of 2 in 20 mL of EtOH; IR
(Nujol) 1935, 1520, 1300 cm™; *H NMR (CDCl,) 6 5.96 (dd, "’JP_H
=9 Hz and *Jp_y = 3 Hz, PCH=), 4.46 (mm, OCHQ), 3.72 d, oy
= 11 Hz, P(OMe),), 1.48 (s, t-Bu), 1.40 (t, 3%Jyy = 7 Hz, CHj,).

12b (1! = PMe,Ph, R = t-By, R! = Et): 0.17 g (57%) obtained
from 0.28 g (0.5 mmol) of 42 and 0.14 g of 2 in 10 mL of EtOH;
mp 153-155 °C; mass spectrum, m/e 610 [M]*, [M - CO], caled
582.102, found 582.103, 444 [M - CO - PMe,Phl*. IR (Nujol)
1912, 1510, 1290 cm™; 'H NMR (CDCly) 6 6.20 (d, %Jp_y = 10 Hz,
PCH=), 4.10 (m, OCH,), 1.90 (d), 1.80 (d, %Jpy = 9.5 Hz, PMe,),
1.57 (s, t-Bu), 1.07 (t, %Jux = 8 Hz, CHy). Anal. Caled for
CaoHysFeO,P,S;: C, 59.02; H, 5.90; S, 10.49; P, 10.16. Found: C,
59.31; H, 6.35; S, 9.34; P, 10.53.

Derivative Fe(CO)(PMe,Ph)[Ph,PCH—C(t-Bu)S][n>-CS-
(SEt)] (13). A solution of 0.58 g (1 mmol) of 42, 0.27 g of 2, and
3 mL of EtSH in 8 mL of dichloromethane was refluxed in a
Schlenk tube for 3 h. After removal of the solvents under vacuum,
the residue was chromatographed on a silica gel thick-layer plate
(eluant, hexane—ether). A red product 13 was crystallized in
pentane: yield 13% (80 mg); mp 137-139 °C; mass spectrum, m/e
626 [M]*, [M — CO]J*, caled 598.080, found 598.079, 460 [M - CO
- PMe,Ph]*, 299 [Ph,PCH=C(t-Bu)S]*, 105 [CS(SEY)}; IR
(Nujol) 1915, 1515, 1295 cm™; 'H NMR (CDCl,) 6 7.60 (m, CeHy),
5.90 (d, 2Jpy = 9 Hz, PCH=), 2.80 (q, 3%Jyu = 7 Hz, SCH,), 1.80
(d, 2Jp_g; = 8 Hz, PMey), 1.50 (s, t-Bu), 1.00 (t, 3J = 7 Hz, CCHj).
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X-ray Data Collection. Crystals of Fe(CO)[P(OMe);]-
[PhyPCH=C(¢-Bu)S}{CS(OMe)] from hexane were irregular
prisms. Preliminary Weissenberg and precession photography
revealed only Laue symmetry I, and the crystal system was as-
sumed to be triclinic. Unit cell dimensions and the orientation
matrix were determined from the setting angles of 15 reflections
widely dispersed in reciprocal space. Crystal data: a = 11.115
(1) A, b=11.347(1), A, c = 12.882 (1) A; o = 97.80 (1)°, 8 = 64.90
(1)°, v = 83.97 (1)°; Z = 2; d (caled) = 1.349 g cm™, d(measd)
= 1.34 g em™; V = 1433.5 A% F(000) = 608. The standard reduced
cell has the following dimensions: a = 11.115 (1) A, b = 11.347
(1) 4, ¢c=12.882(1) A; o = 97.80 (1)°, 8 = 115,10 (1)°, v = 96.03
(1)°.

The data crystal, of dimensions 0.20 X 0.22 X 0.28 mm, was
set on a glass fiber in a brass pin with epoxy cement and mounted
on a eucentric goniometer head for attachment to a Syntex P2,
diffractometer. Intensity data were collected at 22 = 1 °C by using
Mo Ka (A = 0.71069 A) radiation monochromated via a highly
oriented graphite crystal. All measurements were made in the
6-26 stationary counter-moving crystal scan mode with 3.2° <
20 > 45°, A variable scan rate (2-29.3° min™!) was used with the
rate determined by the reflection intensity estimated via a 26
prescan. The scan width was from 26(Mo Ka,) - 0.8° to 26(Mo
Kay) + 0.8° and background measurements made at the beginning
and end of each scan via the stationary counter—stationary crystal
method with each background being counted for 25% of the total
scan time. Three standard reflections remeasured after every 99
reflections showed no significant variation over the course of data
collection. From a total of 3758 independent measurements 2647
intensities had I = 3¢(I); these latter were used in the solution
and refinement of the structure. Corrections were made for
Lorentz and polarization effects, but with u(Mo Ka) = 8.22 cm™
no absorption correction was thought necessary. Apart from
autoindexing, cell refinement and control of diffraction mea-
surements when the Data General Nova computer was used, all
computing was carried out on an IBM 360-75 system in the
University of Waterloo Computing Centre. Programs used have
been described previously.'*

Solution and Refinement. The structure was solved by
standard Patterson and Fourier techniques. The choice of space
group P1 was confirmed by the successful refinement of the
structure. All least-squares refinements were full matrix, carried
out on F, with the function minimized being w(F, - Fc)?. Atomic
scattering factors used were those compiled in the ref 15 with
corrections for both real and imaginary components of anomalous
dispersion being applied for Fe, P, and S. Hydrogen parameters
however were those due to Stewart et al.'® Refinement of the
Fe, two S, and two P atom positions deduced from a Patterson
map together with a scale factor gave R (R = 3 (IIFy| — | F.I)/IF.D)
of 0.403. Non-hydrogen atoms were then located via successive
Fourier maps. It rapidly became clear however that the OMe
groups of the tertiary phosphite were disordered over two posi-
tions. Fortunately this disorder was relatively simple representing
an occupancy ratio of 0.45:0.55 over the two sites. In later re-
finements this occupancy ratio was utilized. A refinement of
positions and isotropic thermal parameters for non-hydrogen
atoms gave R = 0.094. Conversion to anisotropic coefficients and
two further cycles reduced R to 0.057. A difference Fourier map
calculated at this stage revealed chemically reasonable positions
for phenyl ring hydrogen atoms and the alkenyl hydrogen. No
attempt was made to locate and include methyl group hydrogen
atoms. In a final cycle of refinement hydrogen atom positions
and isotropic thermal parameters were refined. The final R and
R, values (R, = (Cw(|F,| - |[F)% TwF)?'/?) were 0.042 and 0.051
with the weights given by w™ = 2.0 - 0.32F + 0.0009F2. A final
difference map had a background electron density level of 0.4 e
A® with no peak higher than 0.6 e A, Final positional parameters
for heavy atoms are listed in Table I with hydrogen data in
supplementary Table S1. Anisotropic thermal parameters are

(14) Carty, A. J.; Mott, G. N.; Taylor, N. J.; Yule, J. E. J. Am. Chem.
Soc. 1978, 100, 3051.

(15) “International Tables for X-ray Crystallography”, Kynoch Press:
Birmingham, England, 1974; Vol. 1V,

(16) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.
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Table I. Fractional Atomic Coordinates (X 10*) for
Fe(CO)[P(OMe), 1[Ph,PCH=C(¢-Bu)S]{CS(OMe)]

atom x/a y/b z/c
Fe 1785.9 (7) 2361.9 (6) 1465.6 (6)
S(1) 3383(1) 2631 (1) 2133 (1)
S(2) 6(2) 4235 (1) 2195 (1)
P(1) 3048 (1) 3024 (1) =102 (1)
P(2) 782 (1) 1543 (1) 30564 (1)
0(1) 2538 (4) 17 (3) 33 (3)
0(2) —b05 (4) 2434 (4) 905 (4)
O(3A)* 2567 (8) 2864 (7) ~1019 (6)
O(3B)* 2261 (9) 3360 (8) -884 (9)
O(4A)* 4619 (8) 2811 (8) -614 (7)
O(4B)* 3851 (7) 4030 (8) -90 (6)
O(5A)* 2853 (9) 4550 (8) 49 (8)
O(5B)* 4326 (6) 1990 (6) ~1171 (5)
C(1) 2285 (5) 908 (5) 580 (5)
C(2) 250 (5) 2880 (5) 1380 (5)
C(3) 1898 (5) 1355 (5) 3696 (4)
C(4) 3012 (5) 1860 (4) 3302 (4)
C(5) 4008 (5) 1832 (5) 3847 (5)
C(6) 3587 (8) 1126 (8) 48562 (7)
C(7) 3951 (13) 3119 (8) 4418 (10)
C(8) 5411 (7) 1257 (11) 2912 (7)
C(9) -1714 (7) 3218 (8) 1047 (8)
C(10) 3113 (8) 3408 (9) —-2118 (6)
C(11) 3123(7) 5238 (6) 842 (7)
C(12) 5415 (8) 1513 (6) -921(7)
C(13) 348 (5) 64 (4) 2766 (4)
C(14) -423(6) -65 (5) 2152 (5)
C(15) -724(7) -1196 (6) 1882 (6)
C(16) -261 (7) -2182 (5) 2198 (6)
C(17) 490 (7) —2056 (5) 2807 (6)
C(18) 795 (6) ~933 (5) 3109 (5)
C(19) -781 (5) 2399 (4) 4272 (4)
C(20) ~714 (5) 3505 (5) 4846 (b)
C(21) —1854 (6) 4207 (5) 5802 (5)
C(22) -3038(6) 3792 (6) 6163 (5)
C(23) -3120(6) 2692 (7) 5603 (6)
C(24) -1991 (5) 1992 (5) 4655 (5)

available as supplementary material (Table S2). A listing of
observed and calculated structure factors is also available as
supplementary material.

Results and Discussion

Synthetic Aspects. Synthesis of Fe(n*-CS,)(CO),-
(Ph,PC=CR), Complexes. Although a variety of elec-
trophilic alkynes add readily to the 7%-CS, ligand in com-
plexes of the type Fe(4?-CS,)(CO),L!L% 3 (L! = L2 = P-
(OMe),); 4 (LY, L2 = PMe,Ph, PPh,), and 5 (L1 = L2 =
PPhy), in benzene solution to afford the carbene iron de-
rivatives, (1,3-dithiol-2-ylidene)iron,® the phosphinoalkynes
Ph,PC=CR (1, R = Ph; 2, R = ¢t-Bu) are inert toward the
n?-CS, iron complexes 3—-5 under the same conditions,
probably because of their lack of electrophilicity. To ex-
amine the possibility of the intramolecular coupling be-
tween a coordinated phosphinoalkyne and a carbon di-
sulfide ligand, we tried to make carbon disulfide iron
complexes containing phosphinoalkyne ligands.

The formation of derivatives 6 and 7 could not be
achieved by simple displacement of the PPh; ligands of
compound 5 in an inert solvent as was previously shown
for the preparation of compounds 3 or 4.2 However, com-
plex 6 could be formed by using two independent routes
that we elaborated for the preparation of Fe(52-CS,)-
(CO),(PhgP), (5).2% The red derivative 6 was obtained
(a) in 66% yield, directly from Fe(CO); in CS, with
phosphinoalkyne, Ph,PC=CPh, 1 and in the presence of
Me;NO, 2H,0, a carbonyl displacing reagent and (b) in
86% yield by reaction of (benzylideneacetone)iron tri-
carbonyl*? with CS, in the presence of the phosphinoalkyne
1 (Scheme I).
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With the phosphinoalkyne, Ph,PC=C-t-Bu, 2, the re-
action (a) led to the expected complex 7 but in 10% yield
and the reaction (b) gave instead of 7 the addition product
Fe(CO)3(n>-PhCH=CHCOCH;) (Ph,PC=C-¢-Bu) which
is usually formed with electron-donating phosphorus lig-
ands.l” However, the derivative 7 was isolated in 53%
yield after Fe,(CO)y was refluxed with 2 equiv of 2 in
carbon disulfide (eq 1) as with triarylphosphines.!®

Bu
el
Php” o
cs, oc | &7
Fe,(CO), + 2Ph,PC=C-BYt —— SO
53% N
oc” | s
PhR_
S,
N
But
7

These derivatives 6 and 7 were characterized on the basis
of their analyses and infrared spectra.? They show ab-
sorption bands corresponding to uncoordinated C=C
bonds, two terminal carbonyls and an uncoordinated C=S
bond [IR (Nujol): 6, 2190, 2000-1930, 1150 cm™; 7,
2220~2180, 1995-1940, 1150 cm™]. In addition the ¢-Bu
groups in 7 appeared equivalent in the 'H NMR spectra.
These data indicate the absence of intra- or intermolecular
interaction between the C=C bonds of the coordinated
phosphinoalkynes and the 5%-CS, ligand in these com-
pounds.

However , the #2-CS, ligand is still reactive toward ex-
ternal electrophilic alkynes. Thus dimethyl acetylenedi-
carboxylate reacts, within a few seconds at room temper-
ature, with the complex 7 in benzene solution to afford the
air-sensitive, cycloaddition product 8 (eq 2) which was
identified by comparison of its IR and 'H NMR data with
those of (1,3-dithiol-2-ylidene)iron complexes.>?

Ph,P-C=C-But CO,Me Ph,P-C=C-But
oc #° (l: oc | /s CO,Me
Benzene 2
>Fe<| + "l —_— >Fe— S (2)
oc s ¢ oc” | §—~~CO,Me
PhyP-C=C-But CO,Me Ph,P-C=C-But
r s

Coupling Reactions of Coordinated CS, and Phos-
phinoalkynes. Although we did not observe any inter-
action between the alkyne bonds and the coordinated CS,
in complex 6 and 7 either in the solid state (IR) or in
benzene or chloroform solution *H NMR), compound 7
reacts in methanol and heating of the solution leads to the
almost complete transformation of 7. Thus after 2 h under
reflux we isolated by chromatography 77% of a red com-
pound (mp 145-147 °C) which showed in the infrared one
uncoordinated C=C absorption band and one carbonyl
absorption band [IR (Nujol) 2180, 1925, 1520, 1290 cm™]
and in the 'H NMR (CDCl;) two ¢-Bu groups (6 1.33 and
1.50), one methoxy group (6 3.80), and one ethylenic proton

(17) Vessieres, A.; Touchard, D.; Dixneuf, P. J. Organomet. Chem.
1976, 118, 93.

(18) Baird, M. C.; Hartwell, G.; Wilkinson, G. J. Chem. Soc. A 1968,
2037.

(19) Le Bozec, H.; Gorgues, A.; Dixneuf, P. H. Inorg. Chem. 1981, 20,
2486.

(20) Carty, A. J.; Hartstock, F.; Taylor, N. J.; Le Bozec, H.; Robert,
P.; Dixneuf, P. H. J. Chem. Soc., Chem. Commun. 1980, 381.
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Scheme 11
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| L' = L? = Ph,PC=CPh 10b, L' = PMe,Ph, (68%)
L? = Ph,P-C=C-t-Bu  10c, L' = PPh,, (47%)

11, L' = PPh,, R = Ph,
(44%)
12a, L' = P(OMe),, R = ¢-Bu,
OR! = OEt (5%)
12b, L' = PMe,Ph, (57%)

coupled with a phosphorus nucleus [¢ 6.30 (3Jp_y; = 10 Hz)]
consistent with formulation 9 (eq 3).
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oc ' o Ph s
AN MeOH P!~
oc ' s CO  MeO-C¥."  PhP-CaC—But
[t ¢
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To examine the generality of the intramolecular coupling
reaction, we tried to prepare other 72-CS, iron complexes
containing one phosphinoalkyne group, without any suc-
cess. Thus, whereas the direct formation of 6 and 7 is
facile, the substitution of one PPh, ligand of complexes
4 or 5, which proceeds readily in an inert solvent such as
benzene or dichloromethane with some phosphines? is not
a useful route to mixed phosphine/phosphinoalkyne com-
plexes. In addition, the reaction of 7 with 1 equiv of
PMe,Ph or P(OMe); led to the formation of 50% of Fe-
(72-CSp)(CO)y(PMe,Ph), or Fe(n?-CS,)(CO),[P(OMe);],.2

However, when equimolecular amounts of the phos-
phinoalkyne 2 and of the »2-CS, iron complex 3, 4, or 5
were refluxed in methanol, thick-layer chromatography of
the reaction products allowed the isolation of red products
10a (17%), 10b (68%), and 10c (47%), respectively
(Scheme II). A similar product 11 was obtained in 44%
yield by the reaction of 5 with 1 equivalent of the phos-
phinoalkyne, Ph,PC==CPh, 1 in refluxing methanol. In
addition to the formation of 10c and 11 an unidentified
yellow product was formed.

'H NMR spectra indicated the loss of one phosphorus
ligand L2 of precursors 35, the retention of the ligand L},
incorporation of a methoxy group and the presence of Ph,P
and R (¢-Bu or Ph) groups arising from the phosphi-
noalkyne, Ph,PC=CR, 1 or 2. In addition a doublet
corresponding to an ethylenic proton coupled with one
phosphorus nucleus was observed (see Experimental
Section).

Infrared spectra showed the presence of one carbonyl
group, the absence of the uncoordinated C==C bond of the
phosphinoalkyne and an absorption band at 1510-1530
em™ corresponding to an olefinic C=C bond absorption.
In addition a strong absorption close to 1290 cm™ may be
due to a n>-CS(0OMe) group (vide infra) [IR (Nujol): 10a,
1935, 1510, 1290 ecm™; 10b, 1910, 1515, 1280 cm™; 10c,
1935, 1530, 1290 cm™; 11, 1937, 1535, 1295 cm™],
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The mass spectra of the volatile complexes 10a and 10b
showed molecular ions and fragments corresponding to the
successive loss of one carbonyl and the phosphorus group
P(OMe); and PMe,Ph, respectively. The mass of the [M
- COJ" ion of complex 10b was accurately determined (m/e
568.087, caled 568.087). These data for derivatives 9-11
are entirely consistent with the structure established for
10a by single-crystal X-ray diffraction.

The coupling reaction of a phosphinoalkyne and carbon
disulfide, in the coordination sphere of only one metal
center and in the presence of methanol, therefore takes
place with the cleavage of the 7>-CS, ligand to afford, in
one step, two sulfurated ligands, the chelating 1-phos-
phino-2-sulfidoalkene, and the n2-alkoxythiocarbonyl
group. The coupling reaction was extended to other sol-
vents. Thus complexes 3 and 4 with 1 equiv of 2 in re-
fluxing ethanol led to the red derivatives 12a and 12b
which were isolated in 5% and 57% yield respectively [IR
(Nujol) for 12a, 1935, 1520, 1300 cm™, and for 12b, 1912,
1510, 1290 cm™!; mass spectrum, 12b [M - CO)* m/e
582.103, caled 582.102] (Scheme II). However no reaction
was observed on heating complexes 3 and 4 with 2 in
tert-butyl alcohol.

An analogous coupling reaction was observed in the
presence of ethanethiol instead of an alcohol, but in this
case the thiol was not used as the sole solvent. When
complex 4 was heated with 1 equiv of 2 in a dichloro-
methane—-ethanethiol mixture, the red complex 13 was
formed and isolated in 13% yield [IR (Nujol) 1915, 1515,
1295 cm™; m/e [M — COJ]* 598.080, calcd 598.079].

0
¢ A
H
PPh, ~ By
oc. | &7 Php s
ESH / CHCI
/7 2’2 2
>Fe — e (4)
N Ph,P-CEC-Bu 4
oc l s 2 sfs-cl:,.--‘4 \PMegPh
(s
PMe,Ph s’
3 13

Spectroscopic Characteristics. Among the spectro-
scopic data we may point out that (i) the nature of the
remaining ligand L! strongly influences the carbonyl ab-
sorption frequency which is lower for the electron-donating
group L! = PMe,Ph (10b, 12b, 13) than for L! = P(OMe),
(10a, 12a) or L! = PPh, (10c, 11), (ii) the chirality of the
complexes is indicated by the !H NMR spectra of the
PMe,Ph ligand in 10b, 12b, and 13 which showed two
diastereotopic methyl groups, (iii) the P-P coupling con-
stant is large and consistent with the mutual trans ar-
rangement of the phosphorus nuclei. The 2Jpp value is
higher with P(OMe); in 10a (262 Hz) than with PMe,Ph
in 10b (176 Hz), as is observed for Fe(CS,)(CO),(PR1y)-
(PRZ%,) complexes and increases with the electronegativity
of the substituents bonded to phosphorus, and (iv) the *C
NMR spectrum of 10b in CDCl; at 30 °C showed one
singlet for the carbon bonded to iron in the Fe[CS(OMe)]
group, but at a very low field (6§ 298.7); this observation
is consistent with a carbon iron bond similar to that in
(carbene)iron complexes.

Discussion of the Mechanism of Formation. The
coupling of a phosphinoacetylene with CS, in the presence
of alcohol, as shown in Scheme III, can be visualized as
proceeding in three steps.

In the first step (a) activation of the phosphinoacetylene
accompanies coordination.®” In support of this, the re-
action proceeds smoothly and in high yield (77% for 9)

Robert et al.

Scheme III
t
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when the phosphinoalkyne is already coordinated to iron
as in 7. Moreover starting with 4 the more labile ligand
PPh; is always displaced (10b, 12b, 13) and in 3 which has
P(OMe); ligands and the strongest Fe~P bonds, the yields
of chelate complex are lowest (10a, 12a). Unfortunately
attempts to isolate intermediate (B) from 4 or 5 with ligand
2 in toluene, dichloromethane, or acetone were unsuc-
cessful although low-temperature P NMR spectra of 5
with 2 in CD,Cl, at =51 °C provided unequivocal evidence
for the mixed complex Fe(n%-CS,)(CO)y(PPhy)(PPh,C=
C-t-Bu) (AB quartet, 6 60.0 (PPhy), 35.6 (Ph,PC=C-t-Bu),
Jp_p/ = 165 HZ)

Step b consists of a nucleophilic addition of the unco-
ordinated sulfur atom at the 3-alkyne carbon of the co-
ordinated phosphinoalkyne and in the protonation of the
a-alkyne carbon by the alcohol. This reaction has a close
analogy in the addition of secondary phosphines to
phosphinoalkynes coordinated to platinum® and in the
addition of the nucleophilic, uncoordinated sulfur atom
of the n2-CS, iron complexes to an activated double bond
in acid media.?2! This step is inhibited by stronger acids
than alcohols. No reaction was observed with 5 and 2 in
an acetic acid—methanol mixture or with 4 and 2 in a
HBF,~MeOH mixture. In the latter case a salt was iso-
lated which did not include the Ph,PC=C-¢-Bu fragment
but corresponded to the protonation of the uncoordinated
sulfur atom of 4 (IR (Nujol) »(CO) 2045, 1965 cm™).

Step ¢ corresponds to nucleophilic attack of the alkoxide
anion on the salt C. With cleavage of the alkylated CS,
this step is expected to be irreversible driving the suc-
cessive equilibria a and b toward the formation of com-
plexes of type D. The reaction appears to be influenced
by the nature of the alcohol, formation of D being disfa-
vored in the sequence MeOH > EtOH > ¢t-BuOH as the
size of the conjugate anion increases.

Description and Discussion of the Structure of 10a.
Bond lengths and angles are listed in Tables II and III,
and selected planes pertinent to the discussion are shown
in Table S3. The crystal structure consists of two well
separated monomer units related by a crystallographic
inversion centre in the unit cell. An ORTEP II plot of the
structure is illustrated (Figure 1). The molecule is one
of a very small number of iron carbonyl derivatives having
a square-based pyramidal rather than trigonal-bipyramidal
structure. Within the coordination sphere of iron the basal
positions are occupied by the phosphorus and sulfur atoms
of a synthesized (de novo) chelating 1-(diphenyl-
phosphino)-2-sulfido-3,3-dimethylbut-2-ene ligand, by a

(21) Plusquellec, D.; Dixneuf, P. H., unpublished results.
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Table II. Bond Lengths (A ) for
Fe(CO)[P(OMe), |[Ph,PCH=C(t-Bu)S][CS(OMe)]

Fe-S(1) 2.307 (2) O(4A)-C(11) 1.36 (1)
Fe-S(2) 2.512(2) O(4B)-C(11) 1.57 (1)
Fe-P(1) 2.200 (2) O(5A)-C(12) 1.560 (9)
Fe-P(2) 2.256 (1) O(5B)-C(12) 1.45 (1)
Fe-C(1) 1.758 (6) C(3)-C(4) 1.346 (8)
Fe-C(2) 1.800 (6) C(4)-C(5) 1.542 (9)
S(1)-C(4) 1.764 (5) C(5)-C(6) 1.54 (1)
S(2)-C(2) 1.665 (6) C(5)-C(7) 1.53 (1)
P(1)-O(3A) 1.487 (8) C(5)-C(8) 1.51 (1)
P(1)-O(3B) 1.65(1) C(13)-C(14) 1.397 (9)
P(1)-O(4A) 1.560 (9) C(14)-C(15) 1.394 (9)
P(1)-O(4B) 1.524 (8) C(15)-C(16) 1.36 (1)
P(1)-O(5A) 1.697 (9) C(16)-C(17) 1.37 (1)
P(1)-O(5B) 1.686 (7) C(17)-C(18) 1.399(9)
P(2)-C(3) 1.770 (6) C(18)-C(13) 1.388(8)
P(2)-C(13) 1.828(5) C(19)-C(20) 1.394 (8)
P(2)-C(19)  1.828 (5) C(20)-C(21) 1.398 (8)
0(1)-C(1) 1.085 (7) C(21)-C(22) 1.36 (1)
0(2)-C(2) 1.332 (8) (C(22)-C(23) 1.39 (1)
0(2)-C(9) 1.46 (1)  C(23)-C(24) 1.387 (9)
O(3A)-C(10) 1.53(1)  C(24)-C(19) 1.377 (8)
0(3B)-C(10) 1.48 (1)

Figure 1. A perspective view of the molecular structure of Fe-
(CO)[P(OMe);][Ph, PCH=C(t-Bu)S][CS(OMe)]. The dashed line
represents a weak bonding interaction between Fe and S(2).

trimethyl phosphite ligand trans to phosphorus, and a
novel methoxythiocarbonyl group trans to sulfur. A car-
bonyl group is situated at the remaining apical site of the
pyramid. A least-squares plane through the basal atoms
shows that the metal lies only 0.165 A below the mean
plane. There are however significant angular distortions
within the base of the pyramid: in particular the angle
S(1)-Fe—C(2) = 151.9 (1)° deviates considerably from the
ideal value of 180° with C(2) tipped down from the basal
plane probably as a result (vide infra) of the Fe-S(2)
bonding interaction. Figure 1 shows that the net effect
of these deviations from idealized geometry is a distortion
toward a trigonal bipyramid with P(1) and P(2) axial and
C(1), S(1), and C(2) equatorial. The FePC,S chelate ring
is planar (the maximum deviation is +0.088 A for P(2)
(Table S3) as might be expected for a rigid olefinic PS
ligand. The C(3)-C(4) bond length (1.346 (8) A) is entirely
typical of a C(sp?)-C(sp?)* distance, and the C(4)-S(1)
length (1.764 (5) A) compares very favorably with the
standard C(sp?)-S single-bond length.?? There are sig-
nificant differences between the Fe—P bond lengths, with
the metal-phosphite bond (Fe-P(1) = 2.200 (2) A being

(22) Kennard, O.; Watson, P. G.; Allen, F. H.; Isaacs, N. W.; Moth-
erwell, W. D. S.; Petterson, R. C.; Town, W. G. “Molecular Structures and
Dimensions”; Qosthtoek N.V.A.: Utrecht, 1976; Vol. Al.
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0.05 A shorter than the metal-phosphine (Fe-P(2) = 2.256
(1) A) bond. Several possible explanations can be ad-
vanced to account for this observation: (a) in competition
with the trans phosphine for Fe dr electrons, the P(OMe),,
being a stronger = acceptor, forms a shorter Fe-P bond
with greater dw—d character: (b) P(OMe),, with a smaller
ligand cone angle,?® can approach closer to the iron atom
without suffering steric repulsion from the remaining lig-
ands; (c) the presence of electronegative substituents on
phosphorus directs greater “s” character into the phos-
phorus lone-pair orbital (isovalent hybridization) and
hence into the M—P bond, causing M—P foreshortening.?
Although explanation (a) has been used to rationalize the
difference (A = 0.113 A) in Cr—P bond lengths in Cr(CO);L
[L = PPhy, P(OPh),],% there is now a substantial body of
information suggesting that in comparable stereochemical
situations M—P(phosphite) bonds are consistently shorter
than their M-P(phosphine) counterparts even in com-
pounds where the metal is present in a normal (as opposed
to low) oxidation state?® where dm—dw bonding is less likely
to be of significance. In the present case the Fe-P(1) bond
length is short and comparable with the Fe-P distances
(average 2.190 (4) A) in the five-coordinate complex
trans-Fe(CO)4[P(OCH,)4P],*" containing a constrained
nonbulky phosphite. We thus believe that while factor (c)
is largely responsible for the shorter Fe-phosphite distance,
smaller contributions to bond shortening from (a) and (b)
may be present.

It is notable that the Fe-S(1) bond (2.301 (2) A) is long
in comparison with the Fe-P distances particularly when
considering that the chelating ligand is formally anionic
and that the covalent radius of S (1.04 A) is smaller than
that of P (1.10 A).2%2 For comparison the Fe-S bond
lengths in the dithiolate complex Fe[S,C(COMe)C-
(CeHNO,)1(CO)[P(OMe);], average 2.175 A2 A major
factor contributing to the lengthening of the Fe-S(1) bond
may be a high trans bond-lengthening influence of the
carbon atom C(2) of the methoxythiocarbonyl group. A
high trans influence for such a ligand can be anticipated
from the known positions of R, C(O)R, and carbenes in
the trans influence series.*

The nature of the interaction between the novel meth-
oxythiocarbonyl group and the metal atom is of interest
not only because this ligand per se has not previously been
synthesized but also because it is clear from the X-ray
analysis that the CS(OMe) group is n? coordinated to the
metal. This is substantiated by the acuteness of the angle
Fe-C(2)-5(2) (92.9(0)°) as well as the Fe-S(2) distance
(2.512 (2) A) which, while longer than Fe-S(1) (2.301 (2)
A), is only ~0.22-A outside the sum of covalent radii for
Fe (~1.25 A) and sulfur (~1.04 A).2® Additional confir-
mation of an »? interaction with the metal arises from the

(23) Tolman, C. A. J. Am. Chem. Soc. 1970, 92, 2956.

(24) Hitchcock, P. B.; Jackson, B.; Pidcock, A. J. Chem. Soc., Dalton
Trans. 1977, 2043 and references therein.

(25) Preston, H. S.; Stewart, J. M.; Plastas, H. J.; Grim, O. Inorg.
Chem. 1972, 11, 160.

(26) Notable examples of this are as follows: Pd(PPh,),(NCS), vs.
Pd(SCN),[P(OPh),], (A(Pd-P) = 0.028 A) (Carty, A. J.; Taylor, N. J.;
Wong, Y. S.; Chieh, P. C. J. Chem. Soc., Dalton Trans. 1976, 572); Au-
(PPhy)Cl vs. Au[P(OPh);]Cl (A(Au-P) = 0.033 &) (Hitchcock, P. B.; Pye,
P. L. J. Chem. Soc., Dalton Trans. 1977, 1457; Rhy(OAc),(PPhy), vs.
Rh,y(0Ac),[P(OPh)g]; (A(Rh-P) = 0.067 A) (Christeph, G. G.; Halpern,
J.; Khare, G. P.; Koh, Y. B.; Romanowski, C. Inorg. Chem. 1981, 20, 3029.

(27) Allison, D. A.; Clardy, J.; Verkade, J. G. Inorg. Chem. 1972, 11,
2504,

(28) Huheey, J. E. E. “Inorganic Chemistry”™; Harper and Row: New
York, 1972; p 184,

(29) Carty, A. J.; Dixneuf, P. H.; Gorgues, A.; Hartstock, F.; Le Bozec,
H.; Taylor, N. J. Inorg. Chem. 1981, 20, 3929.

(30) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Reuv.
1973, 10, 355.
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Table III. Bond Angles (Deg) for Fe(CO)[P(OMe),]1{Ph,PCH=C(¢-Bu)S]{CS(OMe)]

S(1)-Fe-8(2) 110.4 (0) Fe-P(1)-O(4B)* 123.9 (2) S(1)-C(4)-C(5) 116.2 (2)
S(1)-Fe-P(1) 88.3 (0) Fe-P(1)-O(5B)* 115.8 (2) C(3)-C(4)-C(5) 123.0 (3)
S(1)-Fe-P(2) 85.1 (0) O(3B)-P(1)-0(4B)* 105.3 (4) C(4)-C(5)-C(8) 111.5(3)
S(1)-Fe-C(1) 107.3 (1) 0O(3B)-P(1)-O(5B)* 96.7 (4) C(4)-C(5)-C(7) 108.9 (4)
S(1)-Fe-C(2) 151.9 (1) O(4B)-P(1)-0(5B)* 97.4 (3) C(4)-C(5)-C(8) 109.4 (4)
S(2)-Fe-P(1) 91.8 (0) Fe-P(2)-C(3) 108.4 (1) C(6)-C(5)-C(7) 105.0 (5)
S(2)-Fe-P(2) 95.4 (0) Fe-P(2)-C(13) 115.3 (1) C(6)-C(5)-C(8) 109.7 (5)
S(2)-Fe-C(1) 142.2 (1) Fe-P(2)-C(19) 118.7 (1) C(7)-C(5)-C(8) 112.2 (5)
§(2)-Fe-C(2) 41.4 (1) C(3)-P(2)-C(13) 106.9 (2) P(2)-C(13)-C(14) 118.5 (2)
P(1)-Fe-P(2) 171.5 (0) C(3)-P(2)-C(19) 103.3 (2) P(2)-C(13)-C(18) 121.9 (2)
P(1)-Fe-C(1) 87.7 (1) C(13)-P(2)-C(19) 103.1 (2) C(18)-C(13)-C(14) 119.5 (3)
P(1)-Fe-C(2) 93.0 (1) Fe-C(1)-0(1) 176.7 (2) C(13)-C(14)-C(15) 119.5 (3)
P(2)-Fe-C(1) 89.2 (1) Fe-C(2)-8(2) 92.9 (0) C(14)-C(15)-C(16) 121.2 (4)
P(2)-Fe-C(2) 95.3 (1) Fe-C(2)-0(2) 137.4 (1) C(15)-C(16)-C(17) 119.4 (4)
C(1)-Fe-C(2) 100.9 (2) 5(2)-C(2)-0(2) 129.8 (1) C(186)-C(17)-C(18) 121.2(3)
Fe-8(1)-C(4) 106.3 (1) C(2)-0(2)-C(9) 118.5 (4) C(17)-C(18)-C(13) 119.1(3)
Fe-S(2)-C(2) 45.7 (1) P(1)-O(3A)-C(10)* 123.9 (3) P(2)-C(19)-C(20) 117.3 (2)
Fe-P(1)-O(3A)* 112.5 (3) P(1)-O(4A)-C(11)* 119.5 (2) P(2)-C(19)-C(24) 123.3 (2)
Fe-P(1)-0(4A)* 121.9 (3) P(1)-O(5A)-C(12)* 121.2 (3) C(24)-C(19)-C(20) 119.4 (3)
Fe-P(1)-O(5A)* 115.3 (3) P(1)-O(3B)-C(10)* 117.0 (3) C(19)-C(20)-C(21) 121.1(3)
O(3A)-P(1)-0(4A)* 113.2 (4) P(1)-O(4B)-C(11)* 118.8 (2) C(20)-C(21)-C(22) 118.6 (3)
0O(3A)-P(1)-0O(5A)* 94.0 (4) P(1)-O(5B)-C(12)* 117.1(3) C(21)-C(22)-C(23) 120.9 (4)
0O(4A)-P(1)-O(5A)* 95.2 (4) P(2)-C(3)-C(4) 118.3 (2) C(22)-C(23)-C(24) 120.6 (3)
Fe-P(1)-O(3B)* 113.4 (3) $(1)-C(4)-C(3) 120.7 (2) C(23)-C(24)-C(19) 119.3 (3)

C(2)-S(2) bond length (1.665 (1) A) which compares very
favorably with the C(3)-S(1) distance (1.676 (1) A) in the
7%-CS, complex Fe(>-CS,)(CO)5(PMe;) (PPh,).2 Although
there appears to be no precedent for an 5*-C(=S8)OMe
group, a related ligand #?-C(=S)NMe, has been recently
found in the complex Fe(CO),(CSNMe,)(S;CNMe,).%
The structural paramaters for this ligand bear an overall
similarity to those for #%-C(=S8)OMe in Fe(CO)[P-
(OMe);)[Ph,PCH=C-¢-BuS][CS(OMe)]. Finally we note
that there is a surprisingly small difference between the
Fe-C(1) (CO) (1.758 (6) A) and the Fe-C(2) [CS(OMe)]
(1.800 (6) A) bond lengths suggesting a considerable =
component to Fe—C(2) bonding. This result implies that
there is a substantial contribution to the ground state of
the 7>-CS(OMe) ligand from the carbene-like canonical
form B as well as the expected form A.

. /OMe c /OMe
Fe< ” > Fe{
S 3
A B
Conclusions

Intramolecular coupling between phosphinoalkyne and
CS, ligands described herein is of interest for several

(31) Dean, W. K.; Vanderveer, D. G. J. Organomet. Chem. 1978, 144,
65.

reasons: (i) it provides a new example of activation of an
R,PC=CR’ ligand via phosphorus coordination. This
principle has potential synthetic implications: (ii) trapping
of both fragments from CS, cleavage in a mononuclear
complex is demonstrated for the first time; (iii) activation
and elaboration of coordinated CS, via successive, two-site,
additions, namely, alkylation at uncoordinated sulfur
followed by nucleophilic addition at carbon, is illustrated.

In addition the resulting sulfur-containing iron com-
plexes 9-13 which can be obtained in two or three steps
from commercial Fe(CO); may have an interesting and
useful chemistry. We are currently exploring the reactions
of the novel n*-alkoxythiocarbonyl ligand and the use of
complexes such as 9 for the generation of otherwise inac-
cessible rigid, chelating anionic phosphorus—sulfur ligands.
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Alkylcobalt derivatives of a variety of cobalt complexes including cobalamins, cobinamides, cobaloximes,
and other model compounds of vitamin B,, decompose with Co~C bond cleavage on reaction with warm
alkali. Under anaerobic conditions, alkylcobalamins and -cobinamides carrying a hydrogen in the 8-position
decompose by way of 3-elimination to form alkenes. Alkylcobaloximes produce mixtures of alkenes and
alkanes, whose ratio is dependent on the concentration of base. Predominant formation of alkenes is typical
of reactions in strong base (6-9 M NaOH). At lower base concentrations, the relative yields of alkanes
increase. Among secondary alkylcobaloximes, alkane yields never exceed 256%. Ethane yields from
ethylcobaloxime exceed 50% only over a relatively narrow range of base concentrations (0.3-2 M NaOH).
The ethyl derivatives of other vitamin B;; model compounds also decompose by competitive formation
of ethylene and ethane. In the decomposition of 5-hexenylaquocobaloxime in weak base substantial amounts
of methylcyclopentane are generated, a fact consistent with the intermediate formation of the 5-hexenyl
radical and a homolytic mechanism of Co—C bond cleavage in the alkane-forming reaction.

Introduction

The lability of the Co—C bond of alkylcobalt complexes
of vitamin B, model compounds to alkali was first noted
in 1966, when Schrauzer and Windgassen reported that
methylaquocobaloxime decomposes on heating in con-
centrated KOH to yield methane.® In 1970, Schrauzer,
Weber, and Beckham briefly mentioned that higher al-
kylcobaloximes decompose in alkali primarily to yield
olefins and the Co(I) nucleophile.* Recently, there has
been renewed interest in reactions of this type. Specifi-
cally, Brown has carried out kinetic investigations of the
reactions of methyl- and ethylaquocobaloximes with
aqueous base at 50 °C.5® With ethylaquocobaloxime, the
formation of both ethane and ethylene was observed, with
ethane being the main product.” The seeming discrepancy
between these results and those in ref 4 can be resolved
when it is noted that Brown used base concentrations
between 0 and 1 M, whereas the previous work was carried
out in hot 6 M NaOH.

In this paper, data on the base-induced decomposition
of ethylaquocobaloxime and of a variety of other alkyl-
cobaloximes, -cobalamins, and -cobinamides and related
compounds (see Figures 1 and 2) are reported at base
concentrations from 0.3 to 9 M NaOH. It was our main
intent to establish the conditions favoring $-elimination
by examining a wide range of complexes and base con-
centrations. However, a number of experiments were also
carried out to determine the mechanism of Co—C bond
cleavage in the reactions yielding alkanes. For the specific
case of ethylaquocobaloxime, Brown concluded that ethane
is produced by way of a reaction involving Co-C bond
homolysis as the first step.® We will show that this step
is indeed plausible.

Results
Alkylcobalamins and -cobinamides. The base-in-
duced decompositions of simple alkylcorrins have not

(1) Paper No. 55 of a series “Studies on Vitamin B;, and Related
Compounds”.

(2) National Science Predoctoral Fellow, 1978-1981.

(3) Schrauzer, G. N.; Windgassen, R. J. J. Am. Chem. Soc. 1966, 88,
3738.

(4) Schrauzer, G. N.; Weber, J. H.; Beckham, T. M. J. Am. Chem. Soc.
1970, 92, 7078.

(5) Brown, K. L. Inorg. Chim. Acta 1978, 31, L401.

(6) Brown, K. L. J. Am. Chem. Soc. 1979, 101, 6600.

(7) Brown, K. L.; Hessley, R. K. Inorg. Chem. 1980, 19, 2410.

(8) Brown, K. L.; Hessley, R. K. Inorg. Chim. Acta 1981, 53, L115.

(9) Brown, K. L. J. Chem. Soc., Chem. Commun. 1981, 598.

Table I. Relative Yields of Alkenes from the
Base-Induced Decompositions of Alkylcorrins under
Aerobic and Anaerobic Conditions

rel aerobic yield,*® %

09M 2.5 M

alkylcorrin NaOH NaOH
ethylcobinamide 2056 89
n-propylcobinamide 240 75
isobutylcobinamide 80 54
ethylcobalamin 310 91
n-propylcobalamin 270 106

a After 18 h at 50 °C. Y Relative to anaerobic yields of
100%.

previously been examined in detail, although spectral
changes in basic solutions of methyl-, ethyl-, and vinyl-
cobinamides have been reported.'®!! In the present study,
we have investigated the decompositions of many alkyl-
corrins in basic solutions ranging from 0.3 to 8.75 M in
NaOH. These reactions were carried out under argon at
50 °C. The compounds examined were ethyl-, n-propyl-,
isopropyl, n-butyl-, isobutyl, and sec-butylcobalamins and
all the corresponding cobinamides. The alkyl groups of
these compounds all contain at least one 3-hydrogen, and
the sole hydrocarbon products observed were alkenes.

The reactions in base were compared with decomposi-
tions in neutral solution at 50 °C, which also generate only
alkenes. n-Alkylcobalamins and primary alkylcobinamides
require incubation overnight to produce substantial alkene
yields (>50%) when decomposed in 2.5 M NaOH. By
comparison, after 18 h in neutral solution n-alkyicobal-
amins produce only ca. 15% yields, and primary alkylco-
binamides produce yields of less than 5%. The reactions
of secondary alkylcobinamides are somewhat faster, pro-
ducing quantitive yields of alkenes in both basic and
neutral solutions within 18 hours. Secondary alkyl-
cobalamins are still faster; the yields from these com-
pounds are quantitive within 1 h.

The influence of oxygen on base-induced decomposition
reactions was examined by ¢omparing the 18-h yields of
alkenes under argon and air. Only primary alkylcobin-
amides and n-alkylcobalamins were used in these studies.
In 0.9 M NaOH, oxygen generally caused the alkene yields

(10) Firth, R. A,; Hill, H. A. O,; Pratt, J. M.; Thorp, R. G.; Williams,
R. J. P. J. Chem. Soc. A 1968, 2428,
(11) Pailes, W. H.; Hogenkamp, H. P. C. Biochemistry 1968, 7, 4160.

0276-7333/82/2301-1155$01.25/0 © 1982 American Chemical Society
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Figure 1. The structure of alkylcobalamins. Alkylcobinamides
lack the axial base and phosphoribosy]l moeities.
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Figure 2. Structures of the vitamin B;; model compounds
studied. Chelate I is called a cobaloxime, while chelates II-V will
be referred to by number.

to increase, whereas in 2.5 M NaOH most yields were
decreased. These results are shown in Table I
Decomposition of primary alkylcobinamides and n-al-
kylcobalamins in basic solutions containing 25% 2-
propanol and 25% methanol produced small yields of
alkanes in addition to the usual alkenes. These yields were
only about 1%, except in the case of n-propylcobinamide,
which produced 5% propane in 0.9 M NaOH.
Alkylcobaloximes. When ethylaquocobaloxime is
decomposed in anaerobic aqueous base!? at 50 °C, ethylene
and ethane are formed. Their proportions are dependent
on the concentration of base. For any given base con-
centration, the ratio of ethane to ethylene is independent
of cobaloxime concentration and time, in accord with
previous investigations.” The base dependence of ethylene
formation, plotted as a percentage of the total hydro-
carbons produced, is shown in Figure 3. Ethylene is the
principle product at all base concentrations above 2 M.
Ethane, which accounts for the balance of the hydro-

(12) When alkylaquocobaloximes are dissolved in base, an equilibrium
is established between the alkylaquocobaloxime and the alkylhydroxo-
cobaloxime. In the basic solutions used in these studies, the hydrozo
complex is the predominant species present. For ethylhydroxocobaloxime
= ethylaquocobaloxime + hydroxide, K = 0.13 M at 50 °C in 1 M aqueous
KCL? Base can also remove protons from the oxygen atoms of the
equatorial ligands, although they are strongly held by hydrogen bonds.
Yoshida, N.; Fujimoto, M. Bull. Chem. Soc. Jpn. 1980, 53, 3526.
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Figure 3. The base dependence for the formation of ethylene

from ethylcobaloxime, plotted as a percentage of the total hy-
drocarbons produced.
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Figure 4. The base dependences for the formation of propylene
from n-propylcobaloxime (O) and isopropylcobaloxime (@), plotted
as percentages of the total hydrocarbons produced.

carbons formed, is the main product only at low base
concentrations.’® Traces of n-butane («1%) are also
formed in weak base.

The proportions of ethane and ethylene shown in Figure
3 are not changed when sodium chloride is used to main-
tain constant ionic strength in the 0.3-1.0 M NaOH range.
Likewise, these proportions are not altered by the presence
of 10% methanol. However, oxygen causes substantial
changes. In base concentrations below 1 M, ethane yields
were decreased by 65-85% in the presence of oxygen, while
the ethylene yields were approximately doubled. In terms
of moles, this increase in ethylene was less than the de-
crease in ethane. Photolysis of anaerobic, alkaline solutions
of ethylaquocobaloxime produces primarily ethylene.
Lesser amounts of ethane and n-butane are formed.

n-Propyl- and isopropylaquocobaloximes produce
propane and propylene in anaerobic, basic solutions at 50
°C. In addition, traces of n-hexane are detected in the
reactions of the n-propyl isomer. The base dependences
for the formation of propylene from these cobaloximes is

(13) On the basis of his data in 0~1 M [OH"), Brown proposed a kinetic
scheme which predicts that ethane should be the main product at all
hydroxide concentrations above 0.01 M and that the ratio of ethane to
ethylene should level out to ca. 5.6-1 above 1 M [OH"].” The experi-
mental results in this paper show that this scheme cannot be applied to
any solutions where [OH] > 1 M.
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Figure 5. the base-dependences for the formation of butenes
from n-butylcobaloxime (O), isobutylcobaloxime (A), and sec-

butylcobaloxime (®), plotted as percentages of the total hydro-
carbons produced.

shown in Figure 4. n-Propylcobaloxime yields primarily
propane at low and intermediate base concentrations. In
contrast, isopropylcobaloxime forms mainly propylene
regardless of the concentration of base. Propane pro-
duction from this complex is less than 25% even under
optimal conditions, which occur around 1 M NaOH.
When n-propylcobaloxime is reacted with base in the
presence of oxygen, the yields of propane are reduced and
propylene yields increase, as was observed with ethyl-
cobaloxime. Nitrous oxide, a scavenger for Co(I),!415 does
not affect the hydrocarbon yields from n-propylcobal-
oxime. However, isopropylcobaloxime generates only half
as much propane under nitrous oxide as it does under
argon, while the propylene yields are unaffected.
Significantly, ethane is formed when isopropylcobal-
oxime is decomposed in anaerobic 0.9 M NaOH in the
presence of ethyl bromide. Ethylene was also produced,
as well as the expected yields of propane and propylene.
The ethylene results principally from the dehydrohalo-
genation of ethyl bromide and is also seen in a control
reaction containing no cobaloximes. No ethane was formed
in the control reaction. These results demonstrate the
formation of the Co(I) nucleophile (see Discussion).
Figure 5 shows the percentages of butene formed from
n-butyl-, isobutyl-, and sec-butylaquocobaloximes at
50 °C in various concentrations of base. n-Butylcobal-
oxime produces n-butane and 1-butene with a base profile
which is similar to that of n-propylcobaloxime. Iso-
butylcobaloxime produces isobutane and isobutylene. In
this case, olefin production is maximal at both the lowest
and highest base concentrations examined. In most solu-
tions, the alkane is the major product. sec-Butylcobal-
oxime forms 1-butene, cis- and trans-2-butenes, and n-
butane in alkali. The curve plotted in Figure 5 represents
the sum of the butenes formed. This total consists pri-
marily of 1-butene, which accounts for 76% of the hy-
drocarbons formed at 0.6 M NaOH, 91% at 3.75 M NaOH,
and 99% at 8.75 M NaOH. The 2-butenes are formed in
the greatest percentage at low base concentrations and
constitute less than 1% of the product total at high base
concentrations. trans-2-Butene is formed in slight pref-
erence to cis-2-butene. The alkane formed, n-butane,

(14) Banks, R. G. S.; Henderson, R. J.; Pratt, J. M. J. Chem. Soc.,
Chem. Commun. 1967, 387.

(15) Banks, R. G. 8.; Henderson, R. J.; Pratt, J. M. J. Chem. Soc. A
1968, 2886.
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Figure 6. The base dependences for the formation of ethylene

from chelate II (A), chelate III (O), chelate IV (¥), and chelate
V (), plotted as percentages of the total hydrocarbons produced.

represents only 20% of the product distribution at its
maximum (1 M NaOH) and only 1% in strong base.

Ethyl Derivatives of Chelates II-V. Ethyl derivatives
of chelates II-V were prepared to see if these compounds
yielded the same products in base as ethylcobaloxime.
This proved to be the case, since both ethane and ethylene
were formed. However, the base dependences for ethylene
formation vary from complex to complex and are shown
in Figure 6.

5-Hexenylcobaloxime. 5-Hexenyaquocobaloxime was
prepared as a probe for the formation of radicals in the
alkane forming reaction (see Discussion). Accordingly, a
sample of this cobaloxime was decomposed in 0.9 M NaOH
at 50 °C under anaerobic conditions. Over the course of
2 days, three samples were removed from the gas phase
and analyzed for C6 hydrocarbons. The only products
detected were methylcyclopentane and 1,5-hexadiene, in
a ratio of 7:1.

Discussion

Trends among Alkylcobalt Complexes. Among the
alkyleobalt complexes examined, the alkylcobalamins and
-cobinamides appear to react with base in the most
straightforward fashion, producing only alkenes. These
reactions are comparatively slow when the alkenes are
formed only by a base-induced reaction, as shown in eq
1. Primary alkylcobinamides, for example, have half-lives
on the order of 12-18 h in 2.5 M NaOH at 50 °C.

R
- R

{Cf] ) (1)

Reaction according to eq 1 must be distinguished from

spontaneous decomposition, which also generates alkenes

but is not base induced (eq 2). This reaction occurs in

h |
) — to) * J (2)

both neutral and basic solutions, and the rate varies with
the structure of the alkyl group and the corrin.!87 Iso-
propylcobalamin, for example, decomposes with a half-life
of only 3 min in neutral solution at 25 °C. n-Propylco-
binamide, on the other hand, has a half-life on the order
of months in neutral solution. Accordingly, the generation

(16) Grate, J. H.; Schrauzer, G. N. J. Am. Chem. Soc. 1979, 101, 4601.
(17) Schrauzer, G. N.; Grate, J. H. J. Am. Chem. Soc. 1981, 103, 541.





1158 Organometallics, Vol. 1, No. 9, 1982

of alkenes in basic solutions is entirely base induced in the
case of primary alkylcobinamides and entirely spontaneous
with secondary alkylcobalamins. Alkylcorrins whose
neutral solution stabilities are intermediate between those
of primary alkylcobinamides and secondary alkylcobal-
amins must produce alkenes in basic solutions according
to both eq 1 and 2, since the rates of both both processes
are of comparable magnitude.

Alkylcobaloximes are far less prone to spontaneous de-
composition than are alkylcorrins®® but are also base sen-
sitive. Thus, alkylcobaloximes containing hydrogen in the
B-position decompose in base to form alkenes and alkanes
(eq 3). The proportions of these products are dependent

- R R

R I (3)
on both the concentration of base and the structure of the
alkyl group. Ethylcobaloxime exemplifies the importance
of basicity in determining the products. In most concen-
trations of base, ethylene is the major product. In weak
base, ethane predominates. The importance of structure
can be seen by comparing the base profiles of n-propyl-
and isopropylcobaloximes. n-Propylcobaloxime is a typical
primary alkylcobaloxime, producing mainly alkanes in
weak base and alkenes in concentrated base. Isopropyl-
cobaloxime is representative of secondary alkylcobal-
oximes, generating primarily alkenes in all concentrations
of base. The butylcobaloximes also demonstrate large
changes in the product ratio as the structure of the alkyl
group is changed.

The ethyl derivatives of chelates II-V show that reaction
according to eq 3 is typical of vitamin B;; model com-
pounds. In addition, these chelates provide examples of
coordination by oxygen as well as nitrogen, and the degree
of charge donation to cobalt is varied. This influences the
ease with which these complexes can be reduced and has
consequences that will be discussed below.

Co—C Bond Cleavage by 8-Elimination. Of the two
hydrocarbon-forming reactions which are induced by base,
the pathway leading directly to alkenes is most readily
understood and is shown in eq 4. Hydroxide ion causes

R
L,

—
P -
{Cb OH

j+ (Cof + Hy0 (4)
a $8-elimination by attacking a 8-hydrogen, and two elec-
trons are transferred to cobalt, forming Co(I) and alkene.
The formation of Co(I) was confirmed by decomposing
isopropylcobaloxime in the presence of ethyl bromide.
Co(l) reacts with ethyl bromide to form ethylcobaloxime,
which decomposes under the weakly basic conditions em-
ployed to form ethane and ethylene. Since ethylene is also
formed by the direct dehydrohalogenation ethyl bromide,
only ethane formation is diagnostic of the intermediate
presence of ethylcobaloxime. Experimentally, a substantial
yield of ethane was observed.

The formation of Co(I) in the 8-elimination reaction
suggested that reductive cleavage of Co—C bonds might
also occur in the same solutions. This would produce
alkanes® according to eq 5. To obtain evidence for this

R
e+ it He R+ 20000 (5)
reaction, n-propyl- and isopropylcobaloximes were de-
composed in weak base under an atmosphere of nitrous
oxide. This gas rapidly oxidizes Co(I),!41® thereby pre-
venting it from inducing reductive cleavage. Hydrocarbon
yields from n-propylcobaloxime in the presence of nitrous

Grate and Schrauzer
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oxide were identical with those under argon. These results
were anticipated since this cobaloxime generates primarily
alkanes and only a relatively small percentage of Co(I)
under these conditions. However, propane yields from
isopropylcobaloxime under nitrous oxide were only half
as great as those under argon. These results indicate that
Co(I)-induced reductive cleavage can be an important
contributing pathway for alkane formation under condi-
tions where alkene formation is predominant.

The ethyl derivatives of chelates II-V vary in the per-
centages of ethylene formed in weak base. The tendency
to generate more ethylene parallels the ease with which
these chelates can be reduced to the Co(I) state. Both
chemical observations!® and electrochemical measure-
ments!® have shown that II and IV are easier to reduce
than IIT and V. Consequently, IT and IV provide a better
leaving group for the g-elimination reaction, which ac-
counts for the greater percentages of ethylene observed.

Co-C Bond Cleavage by Homolysis. Although it has
been shown that alkanes can be generated by a reductive
cleavage reaction which accompanies $-elimination, an-
other pathway must also exist to account for the large
alkane yields observed under certain conditions. In prin-
ciple, this pathway could involve the initial formation of
either carbanions or radicals. Previous investigators have
attempted to differentiate between these possibilities by
studying the incorporation of ligand or solvent protons into
the ethane produced by ethylcobaloxime.? This approach,
however, is subject to certain drawbacks, since the ligand
protons can exchange with solvent under basic conditions,®
and both carbanions and radicals could incorporate hy-
drogen from the ligand methyl groups.2’ Nevertheless,
evidence for the formation of radicals was obtained when
it was observed that in CH;0D/D,0/0D" solution,
ethylcobaloxime-containing deuterated equatorial methyl
groups produced 46% C,H; and 54% C,H;D.°

As an alternative approach to differentiating between
radical and carbanion forming mechanisms, we prepared
5-hexenylaquocobaloxime. If radicals are formed initially
in the base-induced alkane-forming reaction, this cobal-
oxime will produce 5-hexenyl radicals. Such radicals are
known to cyclize to methylcyclopentyl radicals at a rate
of 10° 51,2 as shown in eq 6. The corresponding carbanion

0

does not cyclize.? Accordingly, base-induced Co~C bond

(18) Schrauzer, G. N.; Sibert, J. W.; Windgassen, R. J. J. Am. Chem.
Soc. 1968, 90, 6681.

(19) Bigotto, A.; Costa, G.; Mestroni, G.; Pellizer, G.; Puzeddu, A.;
Reisenhofer, E.; Stefani, L.; Tauzher, G. Inorg. Chim. Acta, Rev. 1970,
4, 41,

(20) Cartano, A. V.; Ingraham, L. L. Bioinorg. Chem. 1977, 7, 351.

(21) Since the ligand protons can be removed by hydroxide,? it follows
that they can also be removed by carbanions. Photolytic studies have
shown that radicals can abstract hydrogen from the equatorial methyl
groups of cobaloximes,®

(22) Lal, D.; Griller, D.; Husband, S.; Ingold, K. U. J. Am. Chem. Soc.
1974, 96, 6355.





Alkali-Induced Decompositions of Alkylcorrins

cleavage of 5-hexenylcobaloxime should produce methyl-
cyclopentane if the reaction is homolytic and 1-hexene if
it is heterolytic. In either case, 1,5-hexadiene should also
be formed by the 8-elimination reaction. This is shown
in Scheme 1.

When 5-hexenylcobaloxime was, in fact, decomposed in
0.9 M NaOH, the only products detected were methyl-
cyclopentane and 1,5-hexadiene. Thus the Co-C bond
cleaves homolytically, to form radicals, in the alkane-
forming reaction. Other observations that support this
conclusion are the decreases in alkane yields in the pres-
ence of oxygen (to be discussed below) and the observation
of radical coupling products from ethyl- and n-propyl-
cobaloximes (n-butane and n-hexane, respectively).

Photolysis of alkylcobaloximes is also known to produce
radicals and coupling products,’® as well as alkenes. It is
interesting that photolysis of ethylcobaloxime produces
predominantly ethylene in neutral and weakly basic so-
lutions, whereas the thermal reaction in weak base pro-
duces mainly ethane. Apparently, the photoexcited state,
which relaxes to form primarily ethylene and hydrido-
cobaloxime, must be significantly different from the
transition state in the thermal reaction leading to ethane
and Co(II).

The Effects of Oxygen on Hydrocarbon Yields.
Since alkenes were the sole products in the base-induced
decompositions of alkylcorrins, it appeared that these
compounds reacted only by $-elimination. In this regard
the corrins seemed to differ from the model compounds,
which underwent both homolysis and S-elimination.
However, the possibility remained that the alkylcorrins
might also undergo homolysis but that the resulting rad-
icals do not terminate by hydrogen abstraction to yield
alkanes. This possibility seemed likely, since vitamin By,
has been shown to more resistant to hydrogen abstraction
than the model complexes.’® Oxygen was chosen as a
convenient probe for the occurrence of homolysis, since
it scavenges radicals efficiently but does not affect the
B-elimination reaction.

In accord with the homolytic mechanism discussed in
the preceding section, the alkane yields from ethyl- and
n-propylcobaloximes were substantially reduced in the
presence of oxygen. The radicals combine with oxygen to
yield alkylperoxy radicals?® (eq 7) at a rate which is faster

RCHyCH, + 0p —= RCH,CH,00' (7)

than the rate of hydrogen abstraction from the equatorial
ligands. The alkylperoxy radicals must then terminate to
yield primarily oxygenated products.?

The presence of oxygen also affected the alkene yields,
which were increased. This result can be plausibly ex-
plained by the rearrangement of a fraction of the alkyl-
peroxy radicals to hydroperoxyalkyl radicals, which then
undergo S-scission to yield alkenes?® as shown in eq 8.

RCH,CH,00" —= RCHCH,00H —= RCH=CH, + '02H (8)

Significant increases in alkene yields via eq 7 and 8 can
only be expected when homolysis is favored over 3-elim-
ination. Under such conditions, the yield of alkenes by
direct elimination is small to begin with, and the number

(23) Garst, J. F.; Abers, P. W.; Lamb, R. C. J. Am. Chem. Soc. 1966,
88, 4260.

(24) Oxygen does not interact directly with simple alkylcobaloximes.
The interaction of oxygen with alkylcobaloximes under photolytic con-
ditions occurs via the intermediacy of free radicals. Jensen, F. R.; Kiskis,
R. C. J. Am. Chem. Soc. 1975, 97, 5825 and references therein.

(25) Thomas, J. K. J. Phys. Chem. 1976, 71, 1919.

(26) Fish, A. In “Organic Peroxides”; Swern, D. Ed., Wiley-Intersci-
ence: New York, 1970; Vol. 1, pp 41-198.
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of radicals generated by homolysis is large enough by
comparison that only a small fraction of them must ter-
minate by eq 7 and 8 to produce measurable increases in
alkene yields. The base profiles of the alkylcobaloximes
indicate that these requirements are met when the alkyl
group is primary and unbranched and solutions are weakly
basic.

Reactions of primary alkylcorrins in weak base in the
presence of oxygen produced results similar to those of the
cobaloximes. The yields of alkenes after 18 h were in-
creased relative to reactions under argon. This suggests
that homolysis does occur and that it is a significant
pathway under these conditions.

Under more strongly basic conditions, alkene yields from
some of the alkylcorrins were decreased in the presence
of oxygen. Yields measured under these conditions rep-
resent over 50% of the reaction, and mass balance con-
siderations explain the observed decreases. Under oxygen,
some of the Co~C bonds are destroyed by homolysis,
combination of the resulting radicals with oxygen, and
termination to give oxygenated products. This leaves fewer
Co—C bonds to decompose via alkene formation. Under
argon, homolysis does not influence the final yields of
alkenes, since radicals can rapidly recombine with vitamin
B,r? (eq 9), restoring the Co~C bond for further reaction.

R
i
R+ (col) — (Co) 9)

The occurrence of homolysis was confirmed when n-
propylcobinamide produced propane in the presence of
2-propanol, which readily donates hydrogen to radicals.?®
Other alkylcorrins also generated alkanes in the presence
of isopropanol but in smaller yields. The greater tendency
of n-propylcobinamide to form alkanes under these con-
ditions is consistent with the observation that n-propyl-
cobaloxime generates more alkanes than most other al-
kylcobaloximes.

Since oxygen effects indicate that a substantial degree
of homolysis occurs when alkylcorrins are decomposed in
weak base and only small yields of alkanes were obtained
in the presence of 2-propanol, it must be concluded that
vitamin B,,r scavenges radicals (eq 9) more rapidly than
they can abstract hydrogen. The model compounds, on
the other hand, undergo homolysis and do produce alkanes.
The rate at which these complexes scavenge radicals must
be slower than that of vitamin B,,r, and the radicals can
terminate by the abstraction of hydrogen from the equa-
torial ligands. These conclusions parallel the results of
flash photolytic studies, which indicate that vitamin B,or
combines with methyl radicals at a near diffusion-con-
trolled rate.?” The same reaction with Co(II) in vitamin
B,; model compounds is 1-2 orders of magnitude slower.?”

Summary

The base-induced decompositions of alkylcobalt com-
plexes containing a 8-hydrogen occur by two principal
pathways. The first, 8-elimination, leads directly to the
formation of alkenes. The second, homolysis of the Co—C
bond, leads to the formation of alkanes from vitamin B,
model compounds but not from alkylcorrins themselves.
Nevertheless, the occurrence of homolysis in the base-in-
duced decomposition of alkylcorrins is evident from the
effects of oxygen on alkene yields. In a reaction which is
secondary to G-elimination, alkanes can be formed by
Co(I)-induced reductive cleavage of the Co~C bond.

(27) Endicott, J. F.; Ferrandi, G. J. J. Am. Chem. Soc. 1977, 99, 243.
(28) Yamada, R.; Shimuzuy, S.; Fukui, S. Biochim. Biophys. Acta 1966,
124, 195.
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Experimental Section

Materials. Hydroxocobalamin was obtained from Merck,
Sharp and Dohme Research Laboratories, Rahway, NJ. Di-
cyanocobinamide was obtained from Calbiochem Behring Corp.
Argon was purified by passage through two chromous scrubbers
in series, followed by a tube of anhydrous calcium sulfate and
a tube of solid KOH. All other reagents and chemicals were
commercial products and were used as received or dried and
distilled, as necessary.

Methods and Instrumentation. All alkylcobalt compounds
were handled in dim light or in aluminum foil wrapped glassware.
Lower hydrocarbons (C,-C,) were determined on a Varian Ae-
rograph Model 2000 GLC employing a 6 ft X !/ in. column packed
with phenyl isocyanate on Porasil C (80-100 mesh) with helium
as the carrier gas and flame ionization detection. The column
temperature was between 25 and 45 °C, depending on the gases
being measured. Cg hydrocarbons were determined with a
Hewlett-Packard Model 700 gas chromatograph equipped with
an 8 ft X 1/4 in. column of n-octane on Porasil C (100-120 mesh)
maintained at 115 °C, with helium as the carrier gas and flame
ionization detection. Identities of hydrocarbons were verified by
cochromatography with authentic commercial samples. No effort
was made to detect Cg or C;, hydrocarbons. NMR spectra were
determined on either a Varian EM-360 60-MHz NMR spec-
trometer or on a 360-MHz instrument which has been described
in ref 29. Optical absorption spectra were recorded on a Beckman
DK-2A recording spctrophotometer.

Base-Induced Co—C Bond Cleavage Reactions of Alkyl-
cobaloximes. All alkylcobaloximes were aquo derivatives and
were prepared by standard procedures.® They were characterized
by 60-MHz NMR spectra. 5-Hexenylaquocobaloxime was
characterized by its 360-MHz NMR spectrum. Co-C bond
cleavage reactions were carried out in 38-mL serum bottles. In
typical experiments, 9 mL of base, prepared by dilution of 50%
w/v NaOH or 1.00 M NaOH, was added to each bottle. The
bottles were then sealed with silicone septa and flushed with Ar
for 1 h via inlet and exit needles. After preheating the bottles
to 50 °C, 1 ml of a 1 mg/mL stock solution of the alkylcobaloxime
(also dearated for 1 h) was added to each bottle with an Ar-flushed
syringe. The resulting solutions were 0.3-8.75 M in NaOH. The
bottles were stored for 18 h in a thermostated oven maintained
at 50 °C and then allowed to cool prior to analyzing samples from
the gas phase by GLC. Some cobalt complexes have limited
solubility in strongly basic solutions, which resulted in lowered
yields of hydrocarbons in the gas phase. Relative yields of alkenes
and alkanes were readily determined, however.

The effects of oxygen on ethyl- and n-propylcobaloximes were
determined in experiments in which the Ar flushing step was

(29) Wright, J. M.; Feigon, J.; Denny, W.; Leupin, W.; Kearns, D. R.
J. Magn. Reson. 1981, 45, 514.
(30) Schrauzer, G. N. Inorg. Synth. 1968, 11, 61.

Grate and Schrauzer

eliminated. Thus, these experiments were done under an at-
mosphere of air. Decompositions of propylcobaloximes in the
presence of nitrous oxide were done by flushing bottles with
nitrous oxide for 15 min after the Ar-flushing step. Ethyl-
cobaloxime was photolyzed in anaerobic bottles at 0 °C 15 em
from a 150-W tungsten floodlamp. Photolysis and experiments
under oxidizing gases were done by using base concentrations in
the 0.3-1.0 M NaOH range.

Decomposition Reactions of Alkylcorrins. Alkylcobalamins
were prepared from hydroxocobalamin by the reaction of vitamin
B,ss with the appropriate alkyl halide. Dicyanocobinamide was
converted to cyanoaquocobinamide by phenol extraction from
1 N HCL. This complex was reduced to the Co(I) state and reacted
with the appropriate alkyl halide, forming the alkylcobinamide.
The latter was dissolved in 1 N HCI and recovered by phenol
extraction. Precipitation with ether yielded the alkylaquoco-
binamide in solid form. The purity of all alkylcorrins were checked
by examining their visible spectra. Anaerobic base decompositions
were carried out by using the procedures outlined above. Stock
solutions of alkylcorrins were 1-10 mM in water (determined
spectroscopically). The sole hydrocarbons produced were alkenes.
Alkanes were not detected or were present in only trace amounts
(<0.1%). After determining the 18-h yields, reaction mixtures
were photolyzed. Samples were again removed from the gas phase
and analyzed. By these methods, the extent of reaction after 18
h could be readily determined. If alkylcobinamides are not
completely freed of cyanide, small amounts of alkanes are formed
on decomposition in base. The effects of oxygen on alkene yields
were determined in 2.5 and 0.9 M NaOH under an atmosphere
of air. Reactions in neutral solutions were carried out in 0.1 N
(pH 7) sodium phosphate buffer.

Decomposition Reactions of Ethyl Derivatives of Chelates
II-V. Ethyl derivatives of chelates II-V were prepared by
standard procedures.®® Chelate IV was isolated as the tetra-
fluoroborate salt. Reactions in base were carried out by using
the procedures outlined above. Stock solutions of chelates II, III,
and V were prepared in methanol (1 mg/mL) due to the relatively
low solubility of these complexes in water. The stock solution
of chelate IV was 1 mg/mL in water.
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Reactions of Cryptand-Solubilized NaSH in Aprotic Solvents with
the Group 6B Metal Hexacarbonyls. X-ray Structural Analysis
and Ligand Lability Studies of the Isolated M(CO),SH™ Anions
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The reaction of cryptand-solubilized NaSH with the group 6B metal hexacarbonyls provides the metallo
thiol derivatives [Na-kryptofix-221][M(CO);SH] in good yield. Although the intermediacy of a metallo
carboxylic acid species is implied, no direct evidence for such a transient was obtained. This reaction is
contrasted with the analogous process of cryptand-solubilized KOH with M(CO), (M = Cr, Mo, W) in aprotic
solvent. The thiol complexes were characterized spectroscopically, and the chromium derivative was subjected
to single-crystal X-ray diffraction analysis. Crystals of [Na-kryptofix-221][Cr(CO);SH] crystallize in the
orthorhombic space group Pbca with cell dimensions a = 13.45 (3) &, b = 20.067 (3) &, and ¢ = 20.725
(4) A. The structure was refined to values of R, = 0.046 and R, = 0.052 for 37 atoms (36 anisotropic) and
2635 reflections with I > 3¢(I). The thiol ligand was found to be a strongly CO-labilizing ligand, on a par
with good oxygen donor bases and better than halide ions. The origin of the labile carbon monoxide ligand
was established to be cis to the SH™ ligand via 1°C NMR spectroscopy. The proton on the thiol ligand
was observed to readily undergo exchange with H,O in acetonitrile solvent.

Introduction
We have recently characterized the reaction between
cryptand-solubilized KOH and the group 6B metal hexa-
carbonyls in aprotic solvents./ This process is thought
to occur via the metallo carboxylic acid intermediate (eq
1) with a subsequent reaction affording the metal penta-
carbonyl hydride anion and bicarbonate.

M(CO); + OH™ = [M(CO);COOH"] BN
M(CO);H- + HCO;™ (1)

Earlier experience with the isoelectronic manganese
hexacarbonyl cation revealed a reaction process similar to
that described in eq 1 to be operative (eq 2), where a

Mn(CO)g* + SH- — Mn(CO),H + COS  (2)

metallo thiocarboxylic intermediate is suspect.* In this
report the reaction between cryptand-solubilized (kryp-
tofix-221)5 NaSH with M(CO)¢; (M = Cr, Mo, W) carried
out under identical reaction conditions to those employed
in eq 1 is described. The initiative for this investigation
was the desire to observe, and possibly isolate and fully
characterize, the M(CO),COSH" species. However, the
only observed products from reaction 3 were those derived
from CO substitution by the anionic HS™ ligand.

Na(krypt-221)SH + M(CO); —
[Na(krypt-221)]1[M(CO);SH] (3)

The tetraethylammonium salt of one of these anions,
W(CO);SH", has previously been reported by Herberhold
and Stiss,® whereas Gingerich and Angelici’” have published
the preparation and spectral characterization of all three
anions of the group 6B metals as the PPN (bis(tri-
phenylphosphin)iminium) salts. Recently, during the
course of our studies, Cooper and co-workers® have isolated
the anions M(CO);SH™ as salts of sodium 18-crown-6 and
have reported the X-ray structural analysis of the tungsten
species. The structure of [Na(krypt-221)][Cr(CO);SH]} we
report upon herein is to be contrasted with that of the
Na(18-crown-6)* salt where contact ion pairing between

*To whom correspondence should be addressed at the Depart-
ment of Chemistry, Texas A&M University, College Station, Texas
77843.

the sodium cation and the oxygen atom of a carbonyl
ligand is observed in the solid-state structure.

The ability of oxygen-donor ligands to labilize metal-CO
bonds is now well-documented.*'3 Sulfur donor ligands
would be anticipated to possess similar properties.?™
Hence, we have performed comparative studies of the
CO-labilizing ability of the SH- ligand with other good
labilizing ligands,!® as well as an investigation of the site
specificity of the labile CO group in these M(CO);SH-
species.

Experimental Section

Materials. Anhydrous sodium hydrogen sulfide and M(CQO)q
(M = Cr, Mo, W) were purchased from Alfa Products and Strem
Chemicals, respectively. Bis(triphenylphosphiniminium chloride
was obtained from Research Organic/Inorganic Chemical Corp.
Carbon monoxide enriched to 91.6% in '3C was supplied by
Prochem, B.O.C. Ltd., London. 4,7,13,16,21-Pentaoxa-1,10-dia-
zabicyclo[8.8.5]tricosane (crypt-221, kryptofix-221) and
4,7,18,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane

(1) Darensbourg, D. J.; Rokicki, A. ACS Symp. Ser. 1981, 152, 107.

(2) Darensbourg, D. J.; Rokicki, A.; Darensbourg, M. Y. J. Am. Chem.
Soc. 1981, 103, 3223.

(3) Darensbourg, D. J.; Rokicki, A. Organometallics, in press.

(4) Froelich, J. A.; Darensbourg, D. J. Inorg. Chem. 1977, 16, 960.

(5) Kryptofix-221 is the proprietary name for 4,7,16,21-pentaoxa-
1,10-diazabicyclo{8.8.5]tricosane. Supplied by Parish Chemicals, Provo,
UT 84601.

(6) Herberhold, M.; Suss, G. J. Chem. Res., Miniprint 1977, 2720; J.
Chem. Res., Synop. 1977, 246.

(7) Gingerich, R. G. W.; Angelici, R. J. J. Am. Chem. Soc. 1979 101,
5604.
(8) Cooper, M. K.; Duckworth, P. A.; Henrick, K.; McPartlin, M. J.
Chem. Soc., Dalton Trans. 1981, 2357.

(9) Darensbourg, D. J.; Walker, N.; Darensbourg, M. Y. J. Am. Chem.
Soc. 1980, 102, 1213.

(10) Darensbourg, D. J.; Darensbourg, M. Y.; Walker, N. Inorg. Chem.
1981, 20, 1918,

(11) Darensbourg, D. J.; Fischer, M. B.; Schmidt, R. E., Jr.; Baldwin,
B. J. J. Am. Chem. Soc. 1981, 103, 1297.

(12) Cotton, F. A.; Darensbourg, D. J.; Kolthammer, B. W. S. J. Am.
Chem. Soc. 1981, 103, 398.

(18) Cotton, F. A.; Darensbourg, D. J.; Kolthammer, B. W. S.; Kuda-
roski, R. Inorg. Chem. 1982, 21, 1656.

(14) Darensbourg, D. J.; Rokicki, A. J. Am. Chem. Soc. 1982, 104, 349.

(15) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.
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(crypt-222, kryptofix-222) were purchased from Parish Chemicals,
Provo, UT. Acetonitrile was dried by refluxing with phosphorus
pentoxide followed by distillation, and tetrahydrofuran was dried
by refluxing over Na benzophenone followed by distillation. All
reactions were carried out under an atmosphere of dry nitrogen
in standard Schlenk ware.

Preparation of [Na-kryptofix-221]*SH- Solution. One
milliliter of kryptofix-221 was diluted with acetonitrile to obtain
3 mL of solution. In a typical experiment a mixture of 2.90 g (51.7
mmol) of NaSH and 1.5 mL of the kryptofix-221 solution prepared
above was vigorously stirred in 45 mL of freshly distilled aceto-
nitrile at room temperature for ~24 h. The colorless solution
was centrifuged of white solid and the solid disposed. The con-
centration of SH™ anion in the solution was 0.037 M as equal to
the concentration of cryptand. A [Na-kryptofix-222]*[SH]" so-
lution was prepared in an analogous manner from the solid
cryptand and NaSH in acetonitrile.

Preparation of [Na(cryptand)}[M(CO);SH] (M = Cr, Mo,
W). In a representative synthesis 0.364 g (1.65 mmol) of Cr(CO)g
and 45 mL (1.67 mmol) of the Na(kryptofix-221)*SH" solution
prepared above were stirred at ~60 °C for 48 h. The reaction
solution was cooled to ambient temperature, and the solvent was
removed under reduced pressure. The solid residue was redis-
solved in 5 mL of tetrahydrofuran to provide a red-brown solution
which upon addition of hexane yielded a brown solid. Yellow-
brown crystals suitable for X-ray analysis were grown from a
concentrated CH;CN solution maintained at <0 °C for several
days. Anal. Caled for C3;H33N,0,,SCrNa: C, 43.45; H, 5.72; S,
5.52. Found: C, 43.17; H, 6.06; S, 5.80.

The analogous metal carbonyl derivatives containing the
[PPN]* counterion were synthesized according to the published
procedure of Gingerich and Angelici.”

13CO Enrichment Studies. [PPN][Cr(CO),SH] was enriched
to a level of 10.5% in total *CO content by stirring a CDCl,
solution of the hydrogen sulfide species with carbon monoxide
(91.6% enriched in ®CO) at 0 °C for 5 min. The extent of
enrichment was determined from the relative intensities of the
equatorial carbonyl resonance with those of the [PPN]* counterion
by using a natural abundance sample as a basis for comparison.

Qualitative 3CO enrichment studies were performed by em-
ploying the [Na-kryptofix-221][M(CO)s;SH] (M = Cr, Mo, W) salts
in CD4CN.

Infrared Measurements. The infrared spectra were recorded
in 0.1- or 1.0-mm matched NaCl sealed cells on a Perkin-Elmer
283B spectrophotometer equipped with an infrared data station
and employing the PECDS software package provided by Per-
kin-Elmer. The spectra were calibrated against a water-vapor
specltrum below 2000 cm™ and against a CO spectrum above 2000
cm™,

13C NMR Spectra. The *)C NMR spectra were recorded on
a JEOL FX 60 spectrometer operated at 15.03 MHz with an
internal deuterium lock. Samples were run in either CD,CN or
CDCl, solvent in 10-mm tubes. Spectra were determined by
employing a sweep width of 4000 Hz (16K data block) with an
acquisition time of 2 s, a pulse repetition rate of 5 s, and a flip
angle of 30°.

!H NMR Spectra. The 'H NMR spectra were measured on
a Varian EM-390 spectrometer in CD;CN solutions with Me,Si
as reference.

Crystallographic Studies. Crystallographic analyses were
carried out by Dr. Cynthia S. Day at Crystalytics Co. (Lincoln,
Nebraska). Crystals of [Na-kryptofix-221][Cr(CO);SH] are, at
20 % 1 °C, orthorhombic with a = 13.451 (3) A, b = 20.067 (3)
A, ¢ =20.725 (4) A, V = 5594 (2) A3, Z = 8 (u,(Mo Ka)!é = 0.57
mm™, and dg0 = 1.38 g cm™). Systematic absences indicated
the space group to be Pbca—DL (No. 61).17

Intensity measurements were made on a Nicolet P1 autodif-
fractometer by using 1.0° wide w scans and graphite-mono-
chromated Mo K& radiation for a specimen having the shape of
a cube with dimensions of 0.80 mm. This crystal was mounted

(16) “International Tables for X-Ray Crystallography”; Kynoch Press:
Birmingham, England, 1969; Vol. 1.

(17) “International Tables for X-Ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol IV: (a) pp 55-66; (b) pp 149-150; (c)
pp 99-101.

Darensbourg, Rokicki, and Kudaroski

on the goniometer head with its long dimension nearly parallel
to the phi axis of the diffractometer. A total of 6422 independent
reflections having 20 < 55° were measured in two shells, A
scanning rate of 6.0°/min was used to measure intensities for
reflections having 3° < 26 < 43°, and a rate of 4.0°/min was used
for all others. Each of these 1.00° scans was divided into 17 equal
time intervals, and those 13 contiguous intervals that had the
highest single accumulated count at their midpoint were used to
calculate the net intensity from scanning. Background counts,
each lasting for one-fourth the total time used for the net scan,
were measured at w settings 1.0° above and below the calculated
value for each reflection. The intensities were reduced without
absorption corrections to relative squared amplitudes, |F,}% by
means of standard Lorentz and polarization corrections.

The positions of the Cr and S atoms were derived by using the
SHELXTL direct methods software from Nicolet; the 34 re-
maining nonhydrogen atoms appeared in a single difference
Fourier synthesis based on refined parameters for the chromium
and sulfur atoms [R; = 0.526 for 2635 independent reflections
having 20p.k, < 55° and I > 3¢(])]. Isotopic unit-weighted
full-matrix least-squares refinement for the 36 nonhydrogen atoms
gave R;(unweighted, based on F) = 0.105 and R,(weighted) =
0.105, where anisotropic refinement converged to R; = 0.070 and
Ry = 0.075. R, = Y||F,| - |FJI/L|Fo| and R, = (Sw(/Fy| -
IF? Sw)F, |2}1/ 2 for 2635 reflections having 20y.x, < 55° and I
> 30(I).1® These and all subsequent structure factor calculations
employed the atomic form factors compiled by Cromer and
Mann® and an anomalous dispersion correction to the scattering
factors of the chromium, sulfur, and sodium atoms,!6b

The position for the hydrogen atom of the anion was derived
from a difference Fourier. The hydrogen positions for the cation
were not varied and were calculated before the final cycle of
least-squares refinement by using idealized sp3-hybridized ge-
ometry and a C-H bond length of 0.95 A, These hydrogen atoms
were assigned a fixed isotropic thermal parameter of 6.00 A
Further unit-weighted least-squares refinement with those re-
flections having 26p.ks < 55.0°, which employed an isotropic
thermal parameter for the hydrogen atom of the SH ligand (final
value of 15 (2) A?) but was otherwise anisotropic, gave R, = 0.046
and R, = 0.045 for 2635 reflections having I > 3¢(J).

The final cycle of empirically weighted??! least-squares re-
finement, which employed isotropic thermal parameters for hy-
drogen atoms and anisotropic thermal parameters for all others,
converged to R, = 0.046, R, = 0.052, and GOF = 1.34% for 2635
reflections.

All calculations were performed on a Data General Eclipse S-200
computer with 64K of 16-bit words, a parallel floating-point
processor for 32- and 64-bit arithmetic, and a Data General disk
with 10 million 16-bit words using versions of the Nicolet (Syntex)
E-XTL or SHELXTL interactive crystallographic software
package as modified at Crystalytics Co.

Results and Discussion

Synthesis. The reaction of cryptand-solubilized NaSH
in acetonitrile solutions of M(CQ); M = Cr, Mo, W)
provides a route to [Na(cryptand)][M(CO);SH] derivatives
in high yields. Although both [Na-kryptofix-221]*[SH]"
and [Na-kryptofix-222]*[SH]™ react to afford the same
product, reactions involving the kryptofix-221 salt occurred
at faster rates. Reaction 3 takes place slowly at ambient
temperature; however, identical products are obtained at
more reasonable rates for processes carried out at 60 °C.

(18) The amsotropxc thermal parameter is of the form exp[-0.25-
(Byh%a*? + Bgk?b*? + Bgl%c*? + 2B hka*b* + 2Bzhla*c* +
2Byskib*c¥)].

(19) Cromer, D. T.; Mann, J. L. Acta Crystallogr., Sect. A 1968, A24,
321,

(20) The weighting scheme used in the least-squares minimization of
the function Sw(|F,| - |F))? is defined as w = 1/a5

(21) For empirical weights, op = T 3a,|F|* = ao + a1|Fy| + ag|F )? +
ag|F,|® with the a,, bemg coefficients from the least-squares fitting of the
curve ||F,| - |Fc|| = ¥ 3a,|F)". In this case ag = 1.86, a; = -1.36 X 1072,
a, = 1.66 X 107, and a; = -1.97 X 1077

(22) GOF !Zw(|F0| — |F )%/ (NO - NV)}”2 where NO is the number
of observations and NV is the number of variables.
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Table I. Spectroscopic Data for [ Na-kryptofix-221] [M(CO),SH] Compounds®
»(CO),? em™! 5(C)¢

M A® AW E C(ax) C(eq) 'H NMR € 5
Cr 2046 w 1853 m 19156 s 225.7 220.6

(2044) (1849) (1914) (224.3) (219.4) (14.67)
Mo 2058 w 1850 m 1920 s

(2037) (18486) (1913) (13.38)
W 2057 w 1847 m 1912 s 203.5 200.6 13.45

(2056) (1843) (1912) (203.4) (199.8) (12.93)

¢ Values in parentheses were obtained on the [PPN]* salts as reported inref 7. ? In CH,CN. ¢InCD,CN,

Figure 1. A stereoscopic view of the packing in [Na-kryptofix-221][Cr(CO);SH].

No intermediate, in particular, the metallo thiocarboxylic
acid M(CO);COSH", was observed during the formation
of the M(CO);SH~ species. Nevertheless this species is the
presumed transient since the rate of M(CO);SH" produc-
tion was enhanced with increasing SH™ concentration, i.e.,
an observation suggestive of nucleophilic addition of SH-
to the metal carbonyl substrate at the carbonyl carbon
atom center in the rate-determining step. Furthermore,
the reaction rates as a function of metal, Mo » W > Cr,
are consistent with metal-CO bond dissociation. These
observations taken in aggregate are indicative of a process
as described in eq 4 and is reminiscent of hydroxide-as-

(CO)sMC(=0)SH~ — (CO),MC(=0)SH" + CO —
(CO)sMSH" (4)

sisted ligand substitution processes involving the group 6B
metal hexacarbonyls.?*% On the other hand, unlike the
analogous reaction of K(cryptand)*OH~ with M(CO), in
aprotic solvents, where 2 mol of OH™ are required to effect
the formation of M(CO)z;H" via the intermediacy of the
M(CO);COOH" species,?* the sole product from reaction
3 is M(CO);SH™ regardless of the M(CO)y/SH™ mole ratio.

The infrared spectra in the »(CO) region (Table I) dis-
play the familiar three-band pattern consistent with C,,
symmetry about the M(CO); moiety and indicative of no
perturbation of the anionic species by the encapsulated
sodium counterion at the carbonyl oxygen atoms (vide
infra).26%" Similarly, the 1*C NMR spectra, obtained on
13C-enriched samples of M(CO);SH"-, exhibit two reso-
nances of the appropriate intensity pattern generally noted

(23) Hui, K.-Y.; Shaw, B. L. J. Organomet. Chem. 1977, 124, 262,

(24) Brown, T. L.; Bellus, P. A. Inorg. Chem. 1978, 17, 3727.

(25) Darensbourg, D. J.; Baldwin, B. J.; Froelich, J. A. J. Am. Chem.
Soc. 1980, 102, 4688.

(Zg) Darensbourg, M. Y.; Hanckel, J. M. J. Organomet. Chem. 1981,
217, C9,

(27) Darensbourg, M. Y.; Hanckel, J. M. Organometallics 1982, 1, 82.

Figure 2. The [Na-kryptofix-221]* cation in [Na-kryptofix-
221][Cr(CO)sSH] with thermal ellipsoids at the 50% probability
level. Hydrogen atoms are represented by arbitrarily small spheres
which are in no way representative of their true thermal motion.

in Cy, M(CO); molecules. These 3C resonances are tab-
ulated in Table I along with comparable values reported
for the PPN™ salts by Gingerich and Angelici.” The anionic
ions were further characterized by a 'H resonance at ~13
ppm for the hydrogen sulfide ligand.

Solid-State Structure. The final atomic coordinates
for all non-hydrogen atoms of both the cation and anion
are provided in Table II. The anisotropic thermal pa-
rameters for all nonhydrogen atoms of both the cation and
anion and the calculated atomic coordinates for the cation’s
hydrogen atoms in crystalline [NaC,sH3,NoO5][Cr(CO);S-
H] are available as supplementary material. Bond lengths
and bond angles for the anion are presented in Table III,
whereas the corresponding values for the cation are pro-
vided as supplementary material. The structure of [Na-
kryptofix-221]{Cr(CO)s;SH] consists of an array of the two
discrete ionic units, at normal van der Waals distances
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Table II. Atomic Coordinates for Anionic and Cationic
Non-Hydrogen Atoms in Crystalline
[Cl‘(CO)s(SH)] [NaC, H,,N,0,]°

atom? x y 2z
Anion
Cr  0.08749(6)  0.00444 (4)  0.27664 (3)
s 0.14612 (15) 000379 (10) 0.16354 (8)
0, -0.0984(3) 0.0733(2)  0.2279 (2)
O, -00103(4)  -0.1283(2) 0.2534 (2)
0o, 0.2802 (3) —0.0639 (2) 0.3130(3)
0,  0.1770(3) 0.1394 (2) 0.3060 (2)
O, 0.0122(3) 0.0035 (2) 0.4112 (2)
C. -0.0288 (4) 0.0471 (2) 0.2457 (2)
C.  0.0280(4) —0.0810(2) 0.2607 (2)
C.  02089(4) -0.0386 (3) 0.2989 (3)
C, 0.1459 (4) 0.0888 (3) 0.2927 (2)
C. 00394 (3) 0.0040 (2) 0.3628 (2)
He 0,224 (6) 0.009 (4) 0.139 (4)
Cation

Na  0.33680 (12) 0.27937(8)  0.02730 (8)
0, 0.4112(3) 0.2340 (1)  -0.0747 (2)
O, 0.2979 (3) 0.1623 (1) 0.0083 (2)
(O 0.22565 (2) 0.3671 (2) -0.0142 (2)
Op,  0.1971(3) 0.3009 (2) 0.1020 (2)
0. 0.4821(2) 0.3115 (2) 0.0858 (2)
N, 0.4377 (3) 0.3690(2)  —0.0361 (2)
N,  0.3535(3) 0.2119 (2) 0.1334 (2)
C.  0.4931(4) 0.3369 (3)  —0.0886 (2)
Co 0.4322(4) 0.2842 (3)  —0.1215 (2)
C.s 0.3492 (4) 0.1834 (3) —0.0983 (3)
Co 0.3400 (4) 0.1322 (2)  -0.0468 (3)
Co 0.2948 (5) 0.1204 (3) 0.0634 (3)
Co 0.3665 (5) 0.1426 (3) 0.1141 (3)
Cr.  0.3668(4) 0.4179(2)  —0.0621 (3)
Cor  0.2784 (4) 0.4290 (2)  —0.0186 (3)
Co.  0.1344(4) 0.3704 (3) 0.0222 (3)
Cp.  0.1507 (4) 0.3633 (3) 0.0919 (3)
Coe 02216 (4) 0.2890 (3) 0.1679 (3)
Cr.  0.2645 (5) 0.2210 (3) 0.1734 (3)
C., 0.5043 (4) 0.4001 (2) 0.0112 (3)
Cor  0.5551(4) 0.3499 (3) 0.0537 (3)
Co 05226 (4) 0.2612 (3) 0.1262 (2)
Co  0.4410(4) 0.2358 (3) 0.1682 (3)

@ The numbers in parentheses are the estlmated standard
deviations in the last significant digit. ? Atoms are
labeled in agreement with Figure 1. € The atomic coor-
dinates for this hydrogen atom were derived from a differ-
ence Fourier map and were least-squares refined with a
final value of 15 (2) A? for the isotropic thermal para-
meter.

(Figure 1). The three-dimensional structure of the cation
is shown in Figure 2, which illustrates that the sodium ion
is heptacoordinated, analogous to the original structural
report of Weiss and co-workers?® on the thiocyanate salt.

The bond lengths, polyhedral edge lengths, and bond
angles subtended at the Na* ion in crystalline [NaCg-
H3,N,0;][Cr(CO);SH] are provided as supplementary
material. These are quite similar to those reported for
kryptofix-221 encircled sodium ion,”® where the Na-N
distances average 2.600 (4) A. The four basal Na—O bond
distances average 2.472 A, with the apical Na—O distance
being somewhat shorter at 2.389 (4) X The mean values
of the bond lengths and angles in the cryptand ligand are
similar to those found in related instances.?8%

In general, the dimensions of the metallo thiol anionic
species are comparable to those found in other monosub-
stituted chromium carbonyls. Comparative Cr—C bond
distances are tabulated for derivatives where structural

(28) Mathieu, F.; Metz, B.; Moras, D.; Weiss, R. J. Am. Chem. Soc.
1978, 100, 4412,

(29) Metz, B.; Moras, D.; Weiss, R. J. Chem. Soc., Perkin Trans. 2
1976, 423.

Darensbourg, Rokicki, and Kudaroski

Table III. Anion Bond Lengths, Polyhedral Edge
Lengths, and Bond Angles in Crystalline
[Cr(CO),(SH)][NaC, H,,N,O,1¢

Bond Lengths, A

Cr-8b 2.473(2) 0,-C, 1.134 (6)
cr-C, 1.895 (5) gz‘gz 1.090 (7)
Cr-C 1.921 (5 +=Cs 1.123(7)
: 921 (%) o’c 1.132 (7)
Cr-C. 1.905 (5) Q4T Loa2 (6
Cr-C, 1.895 (5) s=Cs -069 (6)
Cr-C. 1.898 (5)  S-H 1.17 (8)
§-C, 3.031(5) C,~C,  2.735(7)
S--C, 3.078(5) C.~C.  2.722(7)
S-C. 3.052(6) C,~C.  2.771(7)
s-C, 3.174(5) C,~C.  2.656(7)
c,~C,  2701(7) C,~C,  2.697(7)
CiC,  2.677(7) C.~C.,  2.696(8)
Bond Angles, Deg
scre, 178.6 (2)  CrSH 134 (4)
SCrC, 86.8(2) CrC,0,  179.0 (4)
scrC, 88.0(2) CrC.0,  176.0 (5)
SCrC. 87.4(2) CrC.0.  179.0(5)
SCrC, 92.2(2) CrC.0,  175.4(5)
CrC.0,  179.8(4)
c,crC, 90.1(2) C,CrC, 93.5 (2)
c.crC, 89.9(2)  C.CrC. 88.9 (2)
c.crC 3(2
o g EZ; C,CrC,  174.2(2)
corc: 509(s C.OC,  179.8(2)
c.crC. 90.4 (2)

¢ The numbers in parentheses are the estimated standard
deviations in the last significant digit. b Atoms are labeled
in agreement with Figures 2 and 3.

Figure 8. The [Cr(CO)sSH]" anion in [Na-kryptofx-221}[Cr-
(CO)sSH]. All non-hydrogen atoms are represented by thermal
vibration ellipsoids drawn to encompass 50% of the electron
density.

data are available in Table IV, with those parameters for
the compound under consideration distinguished by an
inclosure. The disposition of the ligands about the chro-
mium atom is that of a regular octahedron, where the
average C(ax)-Cr-C(eq) angle is 91.4° (Figure 3). The
Cr-C(eq) distances average 1.904 (5) A, while the axial
Cr-C; bond length is essentially the same at 1.898 (5) A.
Hence, the thiol ligand, situated 2.473 (2) A from the
chromium metal center, does not exert a significant trans
effect. This is to be contrasted with the trans influence,
that is a shortening of the Cr-C(ax) bond by from 0.035
to 0.087 A, observed for other sulfur and oxygen donor
ligands as shown in Table IV. A best-fit least-square plane
containing the thiol ligand and the chromium atom is
perpendicular to the plane defined by the equatorial
carbonyl groups and forms a dihedral angle of 36° with the
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Table IV. Comparative Cr-C Bond Distances (A ) in Cr(CO);L Derivatives

L Cr-C(eq) Cr-C(ax) A wt av (Cr-C) ref
CO 1.909 (3) 1.909 (3) 0.000 1.909 (3) a
S(O)C H, 1.917 1.858 0.059 1.905 b
SH~ 1.904 (5) 1.898 (5) 0.006 1.908 (5) c
P(OPh), 1.896 (4) 1.861 (4) 0.035 1.889 (4) d
P(CH,CH,CN), 1.891 (4) 1.876 (4) 0.015 1.888 (4) e
I- 1.893 (16) 1.859 (15) 0.034 1.886 (16) f
SC(O)H" 1.894 (4) 1.837 (4) 0.047 1.883 (4) g
SPMe, 1.900 (4) 1.815 (8) 0.085 1.883 (5) h
THF 1.899 (5) 1.812 (5) 0.087 1.882 (5) i
0,CCF,~ 1.896 (7) 1.815 (7) 0.081 1.880(7) j
PPh, 1.880 (4) 1.844 (4) 0.036 1.873 (4) d
H- 1.865 (3) 1.852 (4) 0.013 1.862 (3) k
P(CH,),SH 1.87 (2) 1.829 (2) 0.041 1.862 (2) l

@ Whitaker, A.; Jeffery, J. W. Acta Crystallogr. 1967, 23, 977. b Eekhof, H.; Hogeveen, H.; Kellogg, R. M. J. Organomet.
Chem. 1978, 161, 361. € This work. ¢ Plastas, H. J.; Stewart, J. M.; Grim, S. Q. J. Am. Chem. Soc. 1969, 91, 4326.

€ Cotton, F. A.; Darensbourg, D. J.; llsle

W. H. Inorg. Chem. 1981, 20, 578. fCalhoun, H. P.; Trotter, J. J. Chem. Soc.,

y ]
Dalton Trans. 1974, 377. £ See ref 14, A Baker, E. N.; Reay, B. R. Ibid. 1973, 2205. !Schubert, U.; Friedrich, P.; Orama,
0. J. Organomet. Chem. 1978, 144, 175. / See ref 12. * Darensbourg, M. Y.; Bau, R.; Marks, M.; Burch, R. R., dr.; Deaton,
J. C.; Slater, S.J. Am. Chem. Soc., in press. ! Meier, Von W.-P.; Strahle, J.; Lindner, E. Z. Anorg. Allg. Chem. 1976, 424,

154.

plane defined by S, C,, C;, and C;. The S-H distance is
1.17 (8) A with a H-S-Cr bond angle of 134 (4)°.

The most striking difference seen in this structural re-
port as compared with that of [Na(18-crown-6][W-
(CO)sSH]8 is the lack of Na-O(carbonyl),. interaction
being observed. This further demonstrates that crown
ether macrocycles do not completely encapsulate the so-
dium cation as does the cryptand ligand. Contact-ion
formation of alkali-metal ions specifically at the axial
carbonyl ligand of isoelectronic V(CO);L" species in solu-
tion has been reported and accounted for on the basis of
charge distribution in the anion, by Darensbourg and
Hanckel 2627

Solution Studies of the M(CO),SH~ Anions. We
have previously demonstrated the ability of oxygen donor
ligands to labilize metal-CO bonds in M(CO);(oxygen
bases)™ and related derivatives.2%13 Similarly the thio-
formate ligand was shown to be a strong CO-labilizing
ligand in the group 6B M(CO);SC(O)H" anionic species.>!4
Hence it was of interest to characterize the metallo thiol
derivatives with regard to the CO-labilizing ability of the
SH- ligand.

Reaction 5 was carried out on the [PPN]™* salt in order
to be consistent with previous rate investigations.?

M(CO);SH- + n'*CO = M(CO);_,(**C0),SH + n'*CO
6))

However, qualitative CO-exchange rate studies illustrated
no significant differences in the [PPN]* or [Na-krypto-
fix-221]* counterions. Both the chromium and tungsten
pentacarbonyl derivatives were found to undergo complete
CO exchange with free 3CO in CH;CN within 1 h at 20
kPa of carbon monoxide, with Cr(CO);SH™ reacting faster
than W(CO);SH~ (70% vs. 50% in 10 min at ambient
temperature). Quantitatively, in the chromium species the
thiol ligand is slightly less CO-labilizing than the acetate
ligand (10.5% vs. 15% CO exchange at 0 °C for 5 min),
either of which is much more CO-labilizing than the
bromide ion (14% at 23 °C for 30 min).%°

The natural abundance *C NMR spectrum of [PP-
N][Cr(CO)sSH] in CDCI; exhibits two carbonyl resonances
at 226.4 and 220.6 ppm assignable to the axial and equa-
torial carbon monoxide ligands, respectively. Upon in-

(30) Darensbourg, D. J.; Kudaroski, R. “Abstracts of Papers”, 182nd
National Meeting of the American Chemical Society, New York, Aug
1981; American Chemical Society, Washington, DC, 1981, INOR #50.
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Figure 4. *C NMR spectra of [PPN][Cr(C0);SH] in CDCl,: A,
natural abundance spectrum with §(C(ax)) at 226.4 ppm and
8(C(eq)) at 220.6 ppm. The most upfield multiplet corresponds
to the carbon resonances of the [PPN]* cation; B, after exchange
with 13CO at 0 °C for 5 min (spectrum determined at —-50 °C);
C, sample in B allowed to equilibrate CO §roups at ambient
temperature for several hours (1J%3C(ax)-Cr—13C(eq) = 5.46 Hz).

corporation of 1*CO into the Cr(CO);SH™ anion at 0 °C in
CDC], for 5 min, the sample was enriched to a total 13CO
content of 10.5% with the peak for the cis CO ligands at
220.6 ppm, accounting for all the ®CO uptake. This is
illustrated in Figure 4 where the 1*C NMR spectrum of the
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13C-enriched sample was determined at ~50 °C to avoid
subsequent processes leading to CO rearrangement in the
sample during the acquisition of the NMR data.

Thus the thiol ligand represents another example of a
cis-labilizing ligand.3' That is, the SH- ligand stabilizes
the intermediate afforded upon CO dissociation, [M-
(CO),SH], by exhibiting a strong preference for the
equatorial site in the square-pyramidal structure.! A
characteristic feature seen in other M(CO);L. complexes
where L is a CO-labilizing ligand, which is absent in this
instance, is a trans shortening of the axial M-CO bond
relative to that of the equatorial M—CO bonds (e.g., see
Table IV).

The M(CO);SH™ species were shown to undergo proton
exchange in protic medium,; i.e., the reversible reaction (6)

CH,CN

M(CO)sSH- + D,0 M(CO);SD™ + H,0 (6)

was observed at ambient temperature. On the other hand,
Gingerich and Angelici’ have reported that they were un-
able to deprotonate W(CQ),SH™ with large excesses of very

(31) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.

strong bases, e.g., NaOEt, NaH, or LiMe. It is hoped to
resolve this apparent inconsistency by performing more
detailed studies aimed at determining the acidity of the
thiol ligand’s proton in these derivatives, for the resulting
M(CO);S? complexes might serve as quite useful models
for metal carbonyls adsorbed at sulfide sites on surfaces.??
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Joseph A. Connor,* Mohamed T. Zafarani-Moattar, James Bickerton, Nabila 1. El Saied,
Sukiman Suradl, Ronald Carson, Ghassan Al Takhin, and Henry A. Skinner

Department of Chemistry, Manchester University, Manchester M13 9PL, England
Received May 26, 1982

Microcalorimetric measurements at elevated temperatures of the enthalpies of sublimation, thermal
decomposition, bromination, and iodination of pentacarbonylmanganese complexes, {Mn(CO);R], have
been made to obtain the standard enthalpies of formation, AH;°(c) and AH°(g) (in that order) as follows
(values in kJ mol™): [Mny(CO),o] —(1675 % 8), —(1585 % 5); [Mn(CO);Br] —(964 = 4), —(876 £ 5); [Mn(CO);I]
—(911 £ 5), -(834 % 5); [Mn(CO);H](1) -(778 £ 10), —(740 £ 10); [Mn(CO)s;CH;] —(813 & 4), (753 % 4);
[Mn(CO)sCF;] —(1464 % 4), (1386 = 4); [Mn(CO)sC¢H;] -(675 £ 5), (590 % 7); [Mn(CO);CH,C,H;] (726
% 8), —(642 % 8); [Mn(CO);COCH;] -(977 = 7), —(897 % 10); [Mn(CO);COCF,] —(1587 % 5), (1508 + 8);
[Mn(CO);COCgH;] —(848 % 5), —(725 + 6). The enthalpy of formation of [Mn(CO);H] was obtained from
solution calorimetric measurements at 298 K of the heat of reaction of the liquid hydride with excess iodine
in benzene solvent. The AH;°(g) values are used to derive the bond enthalpy contributions D(R-Mn(CQ);),
relative to an accepted value of 94 kJ mol™ for D(Mn-Mn) in [Mny(CO),,] at 298 K. For the organic radicals
R = CH;, CH,C¢H;, CgHg, and COCgHj, values of D(R-Mn(CO);) vary with changes in R in the same way
as the values of D(R-H) and D(R-CH;). For R = CF; and COCHj, the values of D(R-Mn(CO);) are slightly
higher than expected from direct comparison with D(R-H). The energetics of carbonylation of [Mn(CO);R]
to give [Mn(CO);COR] (R = CHj, CgHj,, CF;) are considered. The formation of the unknown [Mn(CQO);CHO]
from [Mn(CO)zH] is shown to be unfavorable. Reductive elimination reactions between [Mn(CO);H] and
[Mn(CO)gR] or [Mn(CO);COR) to form Mn,(CO),, and RH or RCHO or RCH,0H, respectively, are shown
to be favorable on the basis of the calculated enthalpy change.

Introduction

A previous study reported! microcalorimetric measure-
ments of the enthalpy of iodination of methylpenta-
carbonylmanganese from which the enthalpy of formation

*To whom correspondence should be addressed at the University
Chemical Laboratory, University of Kent, Canterbury, Kent CT2
7NH, England.

was derived. The present work reexamines this complex
and extends the study to other derivatives, [Mn(CO);R]
(R = H, Br, I, CF,;, CgH;, CH,C4H;, COCH,, COCF;, and
COCg¢H;). The microcalorimetric measurements include
enthalpies of sublimation, of thermal decomposition, of

(1) Brown, D. L. S.; Connor, J. A.; Skinner, H. A. J. Organomet. Chem.
1974, 81, 403.
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13C-enriched sample was determined at ~50 °C to avoid
subsequent processes leading to CO rearrangement in the
sample during the acquisition of the NMR data.

Thus the thiol ligand represents another example of a
cis-labilizing ligand.3' That is, the SH- ligand stabilizes
the intermediate afforded upon CO dissociation, [M-
(CO),SH], by exhibiting a strong preference for the
equatorial site in the square-pyramidal structure.! A
characteristic feature seen in other M(CO);L. complexes
where L is a CO-labilizing ligand, which is absent in this
instance, is a trans shortening of the axial M-CO bond
relative to that of the equatorial M—CO bonds (e.g., see
Table IV).

The M(CO);SH™ species were shown to undergo proton
exchange in protic medium,; i.e., the reversible reaction (6)

CH,CN

M(CO)sSH- + D,0 M(CO);SD™ + H,0 (6)

was observed at ambient temperature. On the other hand,
Gingerich and Angelici’ have reported that they were un-
able to deprotonate W(CQ),SH™ with large excesses of very

(31) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.

strong bases, e.g., NaOEt, NaH, or LiMe. It is hoped to
resolve this apparent inconsistency by performing more
detailed studies aimed at determining the acidity of the
thiol ligand’s proton in these derivatives, for the resulting
M(CO);S? complexes might serve as quite useful models
for metal carbonyls adsorbed at sulfide sites on surfaces.??
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Microcalorimetric measurements at elevated temperatures of the enthalpies of sublimation, thermal
decomposition, bromination, and iodination of pentacarbonylmanganese complexes, {Mn(CO);R], have
been made to obtain the standard enthalpies of formation, AH;°(c) and AH°(g) (in that order) as follows
(values in kJ mol™): [Mny(CO),o] —(1675 % 8), —(1585 % 5); [Mn(CO);Br] —(964 = 4), —(876 £ 5); [Mn(CO);I]
—(911 £ 5), -(834 % 5); [Mn(CO);H](1) -(778 £ 10), —(740 £ 10); [Mn(CO)s;CH;] —(813 & 4), (753 % 4);
[Mn(CO)sCF;] —(1464 % 4), (1386 = 4); [Mn(CO)sC¢H;] -(675 £ 5), (590 % 7); [Mn(CO);CH,C,H;] (726
% 8), —(642 % 8); [Mn(CO);COCH;] -(977 = 7), —(897 % 10); [Mn(CO);COCF,] —(1587 % 5), (1508 + 8);
[Mn(CO);COCgH;] —(848 % 5), —(725 + 6). The enthalpy of formation of [Mn(CO);H] was obtained from
solution calorimetric measurements at 298 K of the heat of reaction of the liquid hydride with excess iodine
in benzene solvent. The AH;°(g) values are used to derive the bond enthalpy contributions D(R-Mn(CQ);),
relative to an accepted value of 94 kJ mol™ for D(Mn-Mn) in [Mny(CO),,] at 298 K. For the organic radicals
R = CH;, CH,C¢H;, CgHg, and COCgHj, values of D(R-Mn(CO);) vary with changes in R in the same way
as the values of D(R-H) and D(R-CH;). For R = CF; and COCHj, the values of D(R-Mn(CO);) are slightly
higher than expected from direct comparison with D(R-H). The energetics of carbonylation of [Mn(CO);R]
to give [Mn(CO);COR] (R = CHj, CgHj,, CF;) are considered. The formation of the unknown [Mn(CQO);CHO]
from [Mn(CO)zH] is shown to be unfavorable. Reductive elimination reactions between [Mn(CO);H] and
[Mn(CO)gR] or [Mn(CO);COR) to form Mn,(CO),, and RH or RCHO or RCH,0H, respectively, are shown
to be favorable on the basis of the calculated enthalpy change.

Introduction

A previous study reported! microcalorimetric measure-
ments of the enthalpy of iodination of methylpenta-
carbonylmanganese from which the enthalpy of formation

*To whom correspondence should be addressed at the University
Chemical Laboratory, University of Kent, Canterbury, Kent CT2
7NH, England.

was derived. The present work reexamines this complex
and extends the study to other derivatives, [Mn(CO);R]
(R = H, Br, I, CF,;, CgH;, CH,C4H;, COCH,, COCF;, and
COCg¢H;). The microcalorimetric measurements include
enthalpies of sublimation, of thermal decomposition, of

(1) Brown, D. L. S.; Connor, J. A.; Skinner, H. A. J. Organomet. Chem.
1974, 81, 403.
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iodination, and of bromination. The microcalorimetric
bromination technique, not applied previously, has an
advantage over iodination for the study of organometallic
compounds in that reaction takes place at lower temper-
atures, often below the temperature of onset of thermal
decomposition of the compound under investigation. In
the case of [Mn(CO)zH, 1], solution calorimetric mea-
surements of the enthalpy of iodination in benzene solvent
were made in 298 K.

The enthalpies of formation of gaseous [Mn(CO);R]
compounds are related to the bond enthalpy contribution?
D(R-Mn(CO);) through the enthalpy of formation
AHL[Mn(CO);, g] of the (Mn(CO);) radical. The latter
quantity remains to be firmly established, although the
available evidence does provide limiting values. The data
now reported provide limits to values of D(R-Mn(CO);)
for the range of radicals (or atoms), R, investigated. A
more reliable determination of any single D(R-Mn(CO);)
will thereby fix the values for all the others. g

Experimental Section

Calorimeter. The Calvet twin-cell high-temperature micro-
calorimeter (Setaram, Lyon) and the drop microcalorimetric
technique have been described elsewhere.® The calorimeter was
calibrated by recording the thermograms for vaporization of known
masses of iodine, benzoic acid, naphthalene, or water, depending
on the temperature of operation. The solution calorimeter, as
described elsewhere,! was calibrated electrically.

Materials. The complexes [Mn(CO);R] (R = CH,, C¢Hs,
CH,C¢H;) were prepared by reaction® between Na[Mn(CO);] and
the corresponding bromide or iodide, RX (X = Br, I). The
products were isolated by sublimation. [Mn(CO);CF;] was pre-
pared® by decarbonylation of [Mn(CO);COCF;3]. [Mn(CO);Br]
was prepared from the reaction between [Mn,(CO)y,] and bromine
in carbon disulfide solution and [Mn(CO);I] by reacting [Mn,-
(CO),0] and iodine.? [Mn(CO)sH] was prepared from reaction
between Na[Mn(CO);] and phosphoric acid.” [Mn(CO);COR]
(R = CH,, C¢H;, CF;) was prepared from reaction® between
Na[Mn(CO);] and RCOCI (R = CHj, C¢H;) or (RCO),0 (R = CFy).
All of these products were characterized by microanalysis and
by IR, NMR, and mass spectrometry in agreement with standards.

Auxiliary Data. The following auxiliary heat of formation
data (in kJ mol™) were used in evaluating the calorimetric results:
CO(g) = —(110.524 + 0.17);% [Mny(CO)y, c] = ~(1677.8 £ 4);38
Bry(g) = (30.907 £ 0.11);% I(g) = (62.42 % 0.08);° HI(g) = (26.36
+0.8); Br(g) = (111.84 £ 0.12); I(g) = (106.76 £ 0.04); H(g) =
(218.0 £ 0.01);? MnFy(c) = (849 + 20);!° MnBr,(c) = ~(385.8 =
1.7);1* Mnly(c) = —~(248.5 + 4); CH;l(g) = (15.4 = 0.9);'2 CH;3Br(g)
= —(37.2 £ 0.9);12 CF,Br(g) = —(651.8 % 1.5);'2 C¢H;l(g) = (162.2
* 4.6);12 CgH;Br(g) = (104.3 £ 3);12 CcH;CHo,I(g) : (100.1 + 5.4);!2
CsH5CH2Bl’(g) = (636 + 4.4);12 CgHe(g) = _(840 + 02);12 1,1’-
biphenyl(g) = (182.3 £ 1.4);'2 PhCH,CH,Ph(g) = (143.0 + 1.8);2
CF,15(c) = —(197.0 + 0.8);!® Mn(g) = (283.5 = 0.2);'4 CH,(g) =
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Table I. Sublimation and
Thermal Decomposition of [Mn(CO),CF,}

A. Vacuum Sublimation

[Mn(CO),CF,]l/ aH,Tj AH |

T/K mg J mol™! kd mol™!
336 2.380 86.1 77.6
355 3.030 91.6 78.8
362 3.175 91.5 77.1

B. Thermal Decomposition

[Mn(CO),CF,]/ aH,T/ AH [/

T/K mg kd mol™! kdJ mol ™t
475 2.825 -70.7 -114.7
475 2.890 -65.7 -109.9
475 4.165 -60.6 -123.8

(146.2 & 1.0);1518 CF4(g) = —(468.2 + 5);17 CgH;(g) = (325.1 & 8);'8
CeH;CH,(g) = (190.8 £ 8).1% The enthalpies of reaction, AH7,
measured at temperature, 7, were adjusted to refer to 298 K by
using (Hp — Hygg) data for organic compounds from Stull,
Westrum, and Sinke?® and for inorganic compounds (Mn, Br,,
I,, Mzr;Brg, Mnl,) from Barin and Knacke? and the JANAF ta-
bles.

Results

1. (Trifluoromethyl)pentacarbonylmanganese,
[Mn(CO);CF;]. Measurements of the enthalpy of the
sublimation process (1), AH;7, were made at temperatures,

[Mn(CO)sCF3j(c, 298) — [Mn(CO)sCF;l(g, T) (1)

T = 355-362 K, by using the vacuum sublimation micro-
calorimetric technique.?® At temperatures T = 395-422
K, sublimation was accompanied by thermal decomposi-
tion, and at T > 473 K thermal decomposition appeared
to be total within the hot zone. The solid residue was
partially soluble in water (the solution contained fluoride
ion), the insoluble residue being a polymeric product,
(CF),,, arising from the thermal decomposition reaction (2).

[Mn(CO)sCF3] — MnFy(c) + (1/n)[(CF),](c) + 5CO(g)
(2)

The thermograms for thermal decomposition showed an
exothermal peak following the initial endotherm, with slow
return of the exotherm trace to the base line. The mea-
sured heats of sublimation and of thermal decomposition,
AH,T, are given in Table 1.

The mean value of AH,?*® = —(116 £ 8) kJ mol™ for
thermal decomposition leads to AH°([Mn(CO);CF3], ¢)
= —(1462 £ 22) kJ moll. In this evaluation, we have
estimated? that AH;® = —(176 + 1) kJ mol™ for each
monomer unit of the polymer product, (CF),, and used the

(2) Pilcher, G.; Skinner, H. A. In “The Chemistry of the Metal-Carbon
Bond”; Hartley, F. R., Patai, S., Eds.; Wiley: New York, 1982; p 43.

(3) Connor, J. A.; Virmani, Y.; Skinner, H. A. J. Chem. Soc., Faraday
Trans. 1 1972, 68, 1754.

(4) Bickerton, J. M.Sc. Thesis, Manchester University, 1981.

(5) Beck, W.; Hieber, W.; Tengler, H. Chem. Ber. 1961, 94, 862. See
also: Lukehart, C. M.; Torrence, G. P.; Zeile, J. V. Inorg. Synth. 1978,
18, 57.

(6) Quick, M. H.; Angelici, R. J. Inorg. Synth. 1979, 19, 160, 161.

(7) Hieber, W.; Wagner, G. Z. Naturforsch., B: Anorg. Chem., Org.
Chem., Biochem., Biophys., Biol. 1958, 13, 339.

(8) Wagman, D. D. NBS Tech. Note (U.S.) 1965-1971, No. 270-1—
270-5.

(9) CODATA, J. Chem. Thermodyn. 1978, 10, 903.

(10) Ehlert, T. C.; Hsia, M. J. Fluorine Chem. 1972, 2, 33.

(11) Glyshko, V. P.; Medvedev, V. A. “Thermochemical Constants of
Compounds”; Akad. Nauk SSSR: Moscow, 1974, p 7.

(12) Pedley, J. B.; Rylance, J. Sussex-NPL Computer Analysed
Thermochemical Data, University of Sussex, 1977.

(13) Wood, J. L.; Badachape, R. B.; Lagow, R. J.; Margrave, J. L. J.
Phys. Chem. 1969, 73, 3139.

(14) Smoes, S.; Pattje, W. R.; Drowart, J. High Temp. Sci. 1978, 10,
109.

(15) Chupka, W. A. J. Chem. Phys. 1968, 48, 2337.

(16) Baghal-Vayjooee, M. H.; Colussi, A. J.; Benson, S. W. Int. J.
Chem. Kinet. 1979, 11, 147.

(17) Ferguson, K. C.; Whittle, E. J. Chem. Soc., Faraday Trans. 1
1972, 68, 295.

(18) Chamberlain, G. A.; Whittle, E. Trans. Faraday Soc. 1971, 67,
2077.

(19) Rossi, M.; Golden, D. M. J. Am. Chem. Soc. 1979, 101, 1230.

(20) Stull, D. R.; Westrum, E. F.; Sinke, G. C. “The Chemical Ther-
modynamics of Organic Compounds”; Wiley: New York, 1960.

(21) Barin, I.; Knacke, 0. “Thermochemical Properties of Inorganic
Substances”; Springer-Verlag: Berlin, 1973.

(22) Stull, D. R.; Prophet, H. Natl. Stand. Ref. Data Ser. (U.S., Natl.
Bur. Stand.) 1971, NSRDS-NBS 37.

(23) Adedeji, F. A.; Brown, D. L. S; Connor, J. A.; Leung, M. L.; Paz
Andrade, I. M.; Skinner, H. A. J. Organomet. Chem. 1975, 97, 221.

(24) Measurements of the energy of combustion of the polymer
(CF\.10), in fluorine gas gave!® AH;°(CF, 3, ¢) = —(197.0 & 0.8) kJ mol™™.
The estimate equates AH;°(CF, ¢) to (1/1.12)AH*(CF 5, ©).

(25) Good, W. D.; Fairbrother, D. M.; Waddington, G. J. Phys. Chem.
1958, 62, 863.

(26) Baev, A. K.; Dem’yanchuk, V. V.; Mirzoev, G.; Novikov, G. L;
Kolobova, N, E. Russ. J. Phys. Chem. (Engl. Transl.) 1971, 45, 7717.





1168 Organometallics, Vol. 1, No. 9, 1982

Table II. Bromination of [Mn(CO),CF;]

Connor et al.

Table IV. Sublimation of [Mn,(CO),]

[Mn(CO),CF,)/ aH,T] AH, ™ Mn,(CO),/ aH,T/  aH™
T/K mg kJ mol™! kd mol~! T/K mg kd mol™! kdJ mol~!
384 2.090 -154 -175.6 336 1.846 107.3 93.8
386 2.285 -151 -172.9 345 2.511 109.1 92.4
401 1.220 -149 -173.6 373 2.087 116.8 88.1
403 1.642 —143 -168.1 385 3.110 123.4 91.4
404 1.296 -149.5 -174.9 387 2.171 122.7 92.4
406 1.450 -144.7 -170.5 387 2,768 127.1 95.8
Table III. Bromination of [Mn,(CO),,] Table V. Sublimation of [Mn(CO),C H,]
[Mn,(CO),l/  aH,T/ AH™/ Mn(CO),C.H,l/  aHg”/ AHgy, T/
T/K mg kd mol™! kd mol™! T/K mg kdJ mol™! kdJ mol™!
415 2,490 -224.1 -268 366 7.645 104.3 87.6
418 3.210 -212.1 —-257 393 2.390 103.4 80.6
421 2.310 ~208.0 -254 393 2.095 109.3 86.5
421 2.060 -216.4 -262
421 2.330 -230.7 -277 results are summarized in Table III. The mean value of

value of AH°([MnF,], ¢} = —(849 + 20) kJ mol™ recom-
mended by Ehlert and Hsia.l?

Todination studies on [Mn(CO);CF;] proved unhelpful.
Samples dropped into iodine vapor at 418 K decomposed
to give mainly MnF,; only small amounts of iodine were
taken up in the reaction. At lower temperatures, ca. 393
K, reaction with iodine was too slow to prevent the escape
of appreciable quantities of unreacted [Mn(CO);CF;] (as
vapor) from the reaction zone; moreover, the solid residue
from reaction contained both MnF, and Mnl,.

Studies of bromination at 384-406 K were more satis-
factory. Samples dropped into bromine vapor reacted
rapidly, the solid residue (MnBr,) being completely soluble
in water, without leaving any film of (CF),, as residue. The
thermograms showed an initial endotherm and followed
by an exothermal peak; the return to the base line was
often rather slow. In some experiments the initial bromine
calibration drop was followed by dropping two capillary
containers, one carrying the sample and the other addi-
tional bromine. This procedure gave thermograms which
returned more rapidly and completely to the base line.

After each experiment, the reaction vessel was evacuated
to remove excess bromine and volatile products in order
to facilitate examination of the solid residue, a whitish
powder. The powder deposited mainly within the reaction
vessel itself, but traces of powder were also deposited in
the inlet tube. The residue within the reaction vessel was
dissolved in water and the solution (MnBr,) analyzed for
total manganese content (atomic absorption spectroscopy).
Analysis showed that 80-90% of the total manganese
added was retained as MnBr, within the reaction vessel,
the remainder escaping as very fine MnBr, particles into
the exit tube. Results of the bromination studies are
summarized in Table II, where AH,T refers to the cell
reaction which is assumed to be eq 3. The mean value

[Mn(CO);CF;]{c, 298) + 1.5Bry(g, T) —
MnBry(c, T) + 5CO(g, T) + CF;Br(g, T) (3)

of AH,? = —(172.6 £+ 3) kJ mol™ leads to AH°([Mn-
(CO);CF;], ¢) = —(1464 £ 4) kd mol™, in agreement with
that indicated by the thermal decomposition studies. With
AH ;2 = (77.8 £ 1) kd mol™,, the vapor state enthalpy
of formation becomes AH°([Mn(CO);CF,], g) = —(1386 =
4) kJ mol™.

The bromination technique was tested by separate
measurements on the enthalpy of bromination of deca-
carbonyldimanganese at temperatures in the range 415-421
K. The measured AH,T refers to the cell reaction (4) and

[Mny(CO)yo](c, 298) + 2Bry(g, T) —
2MnBry(g, T) + 10CO(g, T) (4)

AHP([Mny(CO) ), ¢) = —(1675 = 8) from bromination is
in good agreement with that obtained by Good et al. from
combustion calorimetry?’ and from iodination studies
previously reported.?

The vacuum sublimation microcalorimetric technique®
applied to [Mny(CO),,] over the range 336-387 K gave the
results listed in Table IV, where AH;T refers to the sub-
limation process (5). The value of AH,,*® = (92.3 + 2.1)

[Mny(CO)0](c, 298) — [Mn,y(CO)yol(g, T)  (5)

kJ mol™ is higher than that previously accepted! which
was based on vapor pressure measurements?® over the
range 351-463 K.

2. Phenylpentacarbonylmanganese, [Mn(CO);C,-
H;]. The vacuum sublimation microcalorimetric technique
was applied to determine the enthalpy of sublimation in
the range 366383 K (Table V). Sublimation was accom-
panied by thermal decomposition at temperatures near to
423 K, and at 513 K thermal decomposition appeared to
be total and within the hot zone. 1,1’-Biphenyl was the
major product of thermal decomposition, but other hy-
drocarbon products were also detected. The measured
enthalpy AH ™8 = 55 kJ mol™ was less than expected for
the simple decomposition reaction (6) comparing in this

[Mn(CO);CsH;] — Mn(c) + 5CO(g) + 0.5C;;H,4(g) (6)

respect with earlier thermal decomposition studies® on
[Mny(CO),4], due to exothermal surface reactions of carbon
monoxide on the thin-film deposits of manganese metal.

The iodination of [Mn(CO);CcH;] was studied over the
temperature range 482-519 K; samples were dropped into
excess iodine vapor in the hot reaction vessel, and unused
iodine was removed by evacuation after each experiment,
the amounts being determined titrimetrically. Traces of
biphenyl sublimed with the iodine, condensing as a thin
white film on cool parts of the exit line. The involatile
residue (Mnl,) was dissolved in dilute nitric acid and the
iodide content determined by titration. The iodine balance
indicated some loss of iodine (by formation of iodobenzene)
but usually barely more than was to be expected from
manipulative losses. The measured enthalpies of reaction,
AH.T, are assumed to refer to reaction 7. Values of n were

[Mn(CO);CsH;l(c, 298) + 0.5(n + 1 - m)I(g, T) —
Mnl,(c, T) + 5CO(g, T) + (m/2)[C1oHyo(g, T)] +
(1 - m)CeHsl(g, T) (7)
obtained from analysis of the solid residue and values of

m from the iodine balance. The results are summarized
in Table VI. The values of AH;?® refer to reaction 7

(27) Hieber, W.; Wagner, G. Justus Liebigs Ann. Chem, 1958, 618, 24.
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Table VI. Jodination of [Mn(CO),C H,]

[Mn(C0O),CH,]1/ AH,T| AH 8/
T/IK mg I,/mg n m kd moi~! kd mol~!
512 2.150 8.675 1.83 0.8 4.8 -58.7
514 2.165 9.3058 1.85 0.8 21.9 -42.5
516 2.145 8.765 1.71 0.7 1.2 -63.5
519 3.335 8.635 1.88 0.7 -21.0 -86.8
482 2.195 8.580 2.0 0.4 -16.4 ~71.0

Table VII. Bromination of [Mn(CO),C,H.]

Mn(CO),C,H ]/ aH,T AH =/
T/K mg kJmol™*  kJmol™
383 2.160 -184.3 -208.3
384 2.045 -177.7 -201.9
385 2.365 -177.0 -201.5
399 2.395 -177.7 -207.2
402 2.765 -179.5 -208.9

Table VIII. Sublimation and
Thermal Decomposition of [Mn(CO),CH,C . H,]

A. Vacuum Sublimation

(Mn(CO),CH,CH,]/ AHsubT/ AI:[subzgs/
T/K mg J mol™! kJ mol~!
388 2.780 109.4 85.1
389 9.180 109.2 84.6
384 3.500 107.0 83.6

B. Thermal Decomposition

[Mn(CO),CH,C,H,)/ aH,T/ AH »®
T/K mg kd mol™!? kdJ mol™!
518 3.115 197 127
518 2.100 208 138
518 4.210 199 129
518 5.880 206 136

carried out isothermally at 298 K; AH°[Mn(CO);C¢H;, c]
was then obtain from

AHP = (-421.6 — 155.5n — 39.8m — AH,**®) kJ mol™! (8)

The mean value of AH® = —(673 = 16) kJ mol™ was ob-
tained.

Bromination studies were made over the temperature
range 383-402 K when the reaction occurred readily, and
the thermograms (which showed an exothermal peak
following the initial endotherm) returned satisfactorily to
the base line. Separate measurements showed no signif-
icant enthalpy of interaction between bromine and bro-
mobenzene vapors in this temperature range. The mea-
sured enthalpies (AH,T in Table VII) are accordingly re-
ferred to the cell reaction (9). The mean value of AH,?®

[Mn(CO)5C3H5] (C, 298) + 1.5B1‘2(g, ﬂ g
MnBr,(c, T) + 5CO(g, T) + C;HBrig, T) (9)

= —(205.6 £ 3.2) kJ mol! leads to a value of AH;®([Mn-
(CO)5C¢H:], c) = -(675 % 5) kJ mol™ from bromination

which is in good agreement with that from iodination but
is subject to less uncertainty. Taking AH,,%® = (84.9 +
4.4) kJ mol! gives the enthalpy of formation in the gas
state AH°([Mn(CO);C¢H;], g) = —(590 £ 7) kJ mol™.
3. Benzylpentacarbonylmanganese, [Mn(CO);C-
H,CcH;]. Vacuum sublimation studies were made at
temperatures in the range 384-389 K with results shown
in Table VIII. Thermal decomposition in argon at 518
K was rapid, giving a black powder and a relatively invo-
latile liquid. Traces of a white solid (1,2-diphenylethane)
condensed in cooler parts of the exit tube. Mass spectra
analysis of the liquid products showed the presence of
C,H,, C Hyp, CiHyy, and also C,; hydrocarbons. The
thermal measurements are given in Table VIII; the mea-
sured enthalpy of decomposition AH,(?* = (132 + 4) kJ
mol™ was less than expected for the simple thermal de-
composition (10) comparing in this respect with [Mn(C-
0);CeH;] (see 2, above).
[Mn(CO);C;H;](c) — Mn(c) + 5CO(g) + 0.5C;H;4(g)
(10)
Iodination measurements were made from 482 to 518 K,
and two typical results included in Table IX. The iodine
consumption indicated appreciable formation of benzyl
iodide, either by direct methods or from iodination of
primary thermal decomposition products. The measured
AH,,T are attributed to reaction 11 and AH°([Mn-
[Mn(CO)sC-Hyl(c, 298) + ((n + 1)/2){L](g, T) —
Mnl, (¢, T) + 5CO(g, T) + C;H,l(g, T) (11)

(CO);CH,C:H;], c) was evaluated from the corresponding
thermochemical equation (12). Bromination studies made

AH® = -483.7 - 155.5n - AH,,2% kJ mol”  (12)

at temperatures ranging from 376 to 390 K are included
in Table IX. The measured AH ;7 relate to the cell re-
action (13), and AH°(c) values were obtained from the
[Mn(CO);C;H-](c, 298) + 1.5Br,(g, T) —

MnBr,(c, T) + 5CO(g, T) + C;H;Br(g, T) (13)

corresponding thermochemical equation (14). Separate
AH*([Mn(CO)sCH,CgHy], ¢) =
~919.2 - AH3?®® kJ mol™* (14)

measurements established that thermal corrections from
mixing benzyl bromide vapor with bromine gas were not

Table IX. Iodination and Bromination of [Mn(CO),CH,C H,]

A. lodination

[Mn(C0),CH,C, H,]/

T/K mg 1,/mg n AH,T/kJ mol™'  AH,*/kJ mol™!
482 2.285 9.885 1.87 11.7 -45.0
518 2.650 9.795 2.0 -3.9 -75.1

B. Bromination

T/K (Mn(CO),CH,C,H,)/mg aH ,T/kd mol ™! AH 2*/kJ mol '
376 4.325 ~160.8 ~185
384 2.410 ~167.7 -195
390 2.505 ~176.0 ~204
390 2.240 -166.1 -194
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Table X. Bromination of [Mn(CO),CH,]

[Mn(CO).CH,]/ aH,T/ AH 28
T/K mg kd mol™! kd mol™!
386 2.400 -192.3 -211.8
387 2.505 -184.2 -203.8
387 2.040 -189.3 -208.9
389 2.130 -186.9 -206.9
390 2.070 -189.7 -209.9
403 2.605 -191.1 -214.4
403 2.620 -185.3 -208.6

significant. In bromination experiments, the reaction
vessel was evacuated before terminating the thermogram
trace to ensure complete evaporation of benzyl bromide
from the reaction vessel. The mean value of AH°([Mn-
(C0O);CH,C¢H;], ¢) = —(726 % 8) kJ mol™ from bromination
overlaps that from iodination, —-(725 % 9) kJ mol™t. We
accept the former as the best value from these studies.
Taking AH,,,? = (84.5 % 0.7) kJ mol™ gives the enthalpy
of formation in the vapor state AH;*([Mn(CO);CH,C¢H;],
g) = —(642 = 8) kJ mol™.,

4. Methylpentacarbonylmanganese, [Mn(CO);CH;].
Bromination of [Mn(CO);CH;] was studied over the tem-
perature range 386-403 K; the measured enthalpies (Table
X) refer to the cell reaction (15). The mean value of

[Mn(CO);CHj;](c, 298) + 1.5Bry(g, T) —
MnBry(c, T) + 5CO(g, T) + CH;Br(g, T) (15)

AH ;%8 = —(209 % 3) kJ mol™! corresponds to AH°([Mn-
(CO)sCHy], ¢) = —(813 + 4) kJ mol™l. Earlier iodination
studies (at 495 K) interpreted on the basis of complete
iodination according to eq 16 led! to AH® = —(791 + 8)

[Mn(CO);CHs](c, 298) + 1.5I,(g, 495) —
Mnl,(c, 495) + 5CO(g, 495) + CH;l(g, 495) (16)

kJ mol™, in rather poor agreement with the present value.
The iodine balance was,! however, barely sufficient to allow
for iodination as required by reaction 16; small manipu-
lative losses of iodine vapor (probable at temperatures as
high as 500 K) would imply that the decomposition process
(17) contributed appreciably to the overall cell reaction.

[Mn(CO)sCH;](c, 298) + I,(g, 495) —
Mnl,(c, 495) + 5CO(g, 495) + 0.5C,Hy(g, 495) (17)

The measured reaction heat, if attributed entirely to re-
action 17, gives AH;°([Mn(CO);CHj;], ¢) = —(816 £ 6) kJ
mol™, in closer agreement with the value obtained from
bromination.

The enthalpy of sublimation of [Mn(CO);CH;] from
vapor pressure measurements over the range 298-400 K
is reported?” as AH,;, = (60.3 + 1.7) kJ mol™ which, com-
bined with the value of AH°(c) = —(813 % 4) kJ mol ™, gives
the enthalpy of formation of the gaseous compound,
AH?®([Mn(CO);CH;], g) = —(753 % 4) kJ mol™.

5. Acetylpentacarbonylmanganese, [Mn(CO);CO-
CH;]. Microcalorimetric studies of the sublimation of
[Mn(CO);COCHj;] were made over the temperature range
332-416 K. In some experiments, the reaction vessel was
evacuated almost immediately after the sample was
dropped into the argon-filled hot zone; in others the vac-
uum was applied later, to ensure that sublimation of the
same was complete. At the higher temperatures it is
probable® that the sublimation is essentially the decom-
position (decarbonylation) reaction (18), and even at the

[Mn(CO0)sCOCHj](c, 298) —
(Mn(CO)sCH,(g, T) + CO(g, T) (18)

lowest temperatures used (332-335 K), the sublimation
may be accompanied in part by decomposition. The
changing results as the temperature increases reflect the
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Table XI. Sublimation of [Mn(CO),COCH,]

[Mn(CO),COCH, )/ AH T/ AH P8/
T/K mg kd mol ™! kd mol ™!
332 3.570 90.3¢ 82.3
332 3.030 116.4 108.4
336 3.485 97.1¢ 88.4
369 3.590 137.7 121.0
370 2,938 135.7 118.8
379 3.325 138.9 119.9
396 3.869 142.1¢ 118.0
396 3.955 143.2 120.3
401 3.869 142.1¢ 118.0
416 3.498 146.5 118.8

¢ Vacuum applied early.

Table XII. Bromination of [Mn(CO),COCH,]

[Mn(CO),COCH,]/ AH T/ AH, 2/
T/K mg kd mol™! kd mol™*
401 1.220 -138.1 -163.7
405 0.945 -125.4 -151.7
409 1.450 -134.0 -161.0
409 1.485 -135.3 -162.3
411 2.015 -139.4 -166.4

onset of the decomposition (Table XI). The approximate
constancy of AH,?® at temperatures T’ = 369 K suggests
that decomposition was virtually complete in the higher
range of temperature. The mean value of AH;s?® = (119.3
% 0.9) kd mol™ with the value of AH;°([Mn(CO);CHy], g)
= —(753 + 4) kJ mol? corresponds to AH;°([Mn-
(CO);COCH;gl, ¢) = ~(982 = 4) kJ moll. The lowest
measured sublimation enthalpy (82.3 kJ mol™! at 332 K)
may be influenced slightly by coincident partial decarbo-
nylation, and a value of AH,;,?® < 80 kJ mol™ is suggested
for the pure sublimation process.

The bromination of [Mn(CO);COCHj,] was studied over
the temperature range 401-411 K, and results are sum-
marized in Table XII, where AH,,” refers to the cell re-
action (19). The mean value of AH,;™® = ~(161 * 5) kJ

(Mn(CO)sCOCH;](c, 298) + 1.5Bry(g, T) —
MnBry(c, T) + 6CO(g, T) + CHBr(g, 7) (19)

mol™ leads to AH? ([Mn(CO);COCH,], ¢) = —(971.5 £ 5.5)
kJ mol™, as compared with —(982 * 5) kJ mol™ from the
sublimation/decarbonylation reaction. The intermediate
value of —(977 £ 7) kJ mol™ is accepted for present pur-
poses so that AH°([Mn(CO);COCH;], g) = —(897 + 10)
kd mol™.

6. Benzoylpentacarbonylmanganese, [Mn(CO),C-
OC¢H;]. Sublimation measurements over the temperature
range 349-401 K are summarized in Table XIII. The
measured enthalpy varies with temperature in a similar
manner to [Mn(CO);COCHj;], due to the thermal decar-
bonylation process (20) which becomes increasingly im-

[Mn(CO);COC¢Hj;](c, 298) —
[Mn(CO)sCeH;](g, 7) + CO(g, T) (20)

portant above 370 K and predominates at the more ele-
vated temperatures.® The mean value of AH,*® (from
measurements at 7 > 375 K) = (148.3 £ 3) kJ mol™ at-
tributed to sublimation with decarbonylation and corre-
sponlds to AH°([Mn(CO);COC¢H;], c) = —(849 + 7) kJ
mol™.

Bromination measurements, summarized in Table XIV,
were made at 400-402 K. The measured enthalpy AH,,7
refers to the cell reaction (21). The mean value of AH,,*®

[Mn(CO);COCgH;](c, 298) + 1.5Bry(g, T) —
MnBr,(c, T) + 6CO(g, T) + CH;Br(g, T) (21)

= —(143.1 £ 2) kJ mol leads to AH;°([Mn(CQ);COCzH;],
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Table XIII. Sublimation of [Mn(CO),COCH,]

[Mn(CO),COC H,]/ aH,T) AH, ™8/
T/K mg kJ mol~! kd mol™!
349 1,945 138.7 126.0
359 2.080 134.9 119.7
375 0.830 161.1¢ 141.9
375 2.640 165.8 146.6
392 1.675 168.4¢ 145.0
395 1.670 170.8¢ 146.7
395 1.540 173.8 151.7
401 2,500 175.5 149.9

¢ Vacuum applied after delay.

Table XIV. Bromination of [Mn(CO),COC.H,]

[Mn(CO),COCH,l/ aH, T/ AH, ™8/
T/K mg kd mol™! kdJ mol™!?
400 2.740 -110.2 -142.0
401 2.980 -112.9 -145.0
401 2.710 -112.1 ~144.2
401 2.945 -108.9 -141.0

Table XV. Sublimation of {[Mn(CO),COCF,]

AH,,T) AH ™
Mn(CO),COCF,]/ kJ kd

T/K mg mol™! mol~?
335 2.390 88.2¢ 78.8
370 3.235 100.7 82.4
379 4.035 1111 90.6
390 4,155 116.1 91.0
392 2.738 114.2 90.4
392 2.068 113.4¢ 89.6
392 3.012 116.1 92.3

¢ Vacuum applied early.

c) = —(847 £ 4) kJ mol}, in close agreement with that
obtained from sublimation/decarbonylation. Assuming
that the sublimation measurements made in the temper-
ature range 349-359 K (Table XIII) refer to sublimation
per se, giving AH, ;% ~ (123 + 3) kJ mol™?, we obtain
AHP([IMn(CO)sCOCgH;], g) = —(724 + 5) kJ mol™L.

7. (Trifluoroacetyl)pentacarbonylmanganese,
[Mn(CO);COCF;]. Sublimation measurements over the
temperature range 335-392 K are summarized in Table
XV. There was visible decomposition (formation of MnF5)
at temperatures T > 410 K. The increase in the enthalpy
of sublimation with increasing temperature, although less
pronounced than for [Mn(CO);COCHj;], indicates that
thermal decarbonylation is increasingly important above
370 K and that complete decomposition according to eq
22 may occur at temperatures above 380 K. The mean

[Mn(CO);COCF;](c, 298) —
[Mn(CO)sCFs](g, T) + CO(g, T) (22)

value of AH,,® = (90.8 £ 0.9) kJ mol™ for measurements
in the temperature range 379-392 K, combined with
AHP([Mn(CO);CFy], g) = —(1386 =+ 4) kJ mol?, leads to
AHL ([Mn(CO);COCF;], ¢} = —(1587 £ 4) kJ mol™.
Bromination studies were made over the temperature
range 396-404 K. The measured enthalpies AH,,T refer-
ring to the cell reaction (23) are summarized in Table XVL

[Mn(CO)sCOCF;](c, 298) + 1.5Bry(g, T) —
MnBry(c, T) + 6CO(g, T) + CF3Br(g, T) (23)

The mean value of AH,3?8 = —(161.4 = 2) kJ mol!, cor-
responds to AH°([Mn(CO);COCF;], ¢) = —(1586 % 3) kJ
mol™}, in good agreement with the value from the subli-
mation/decarbonylation studies. Assuming that the en-
thalpy measured at 335 K (Table XV) refers to sublimation
per se, giving AH,;,?®® = 79 kJ mol™, we obtain AH,°
(IMn(CO);COCFs], g) = —(1508 £ 6) kJ mol™.
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Table XVI. Bromination of [Mn(CO),COCF,]

AH, T/ AH, P
T/ [Mn(CO),COCF,]/ kJ kdJ
K mg mol* mo] !
396 2.928 -138.0 -164.4
403 2.900 -132.0 -160.1
403 3.006 -133.1 -161.2
403 1.507 -133.8 -161.7
403 2.095 -1385.2 -163.3
404 2.628 -129.2 -157.6
Table XVII. Iodination of [Mn(CO),H]
[Mn(CO).H]/ aTY chy q°/ aH,,/
g K JK! K kd mol ™}
0.3760 0.9252 268.0 248.0 -129.2
0.4440 1.0562 264.7 278.5 -123.0
0.4344 0.9651 269.4 260.0 -117.3
0.5895 1.4005 268.5 376.0 -125.1

@ Corrected temperature rise. ° Calorimeter heat
capacity. ¢ Heat evolved by reaction.

8. Hydridopentacarbonylmanganese, [Mn(CO);H].
Addition of the liquid complex to a solution of iodine in
benzene at room temperature resulted in a rapid reaction.
The consumption of iodine is consistent with the dis-
placement reaction (24). Measurements were made at 298

[Mn(CO);H](l) + (n + 1)I;(benzene) —
((Mn(CO);I] + HI + nl,)(benzene) (24)

K by releasing samples of the complex (sealed in thin-
walled glass ampules) below the surface of the calorimetric
solvent (ca. 130 mL of benzene, containing ca. 1.2 g of
dissolved iodine). The calorimeter temperature (measured
by the resistance of a thermistor) was registered as a
function of time by a digital voltammeter (Solartron Mi-
croprocessor 7065), and the output data were processed
by using a microcomputer. The calorimeter was calibrated
electrically after each run. The results are shown in Table
XVIIL. Separate measurements were made of the enthalpy
of solution of iodine in benzene and of [Mn(CO);I] in the
iodine/benzene solvent, in proportions to match the ex-
periments listed in Table XVII. Data are not available on
the enthalpy of solution of HI(g) in benzene solvent, al-
though for solution of HBr(g) in benzene a value of AH,,
[~-18 kJ mol™] is available.® Where comparisons can be
made, AH,, values in hydrocarbon solvents are generally
more exothermic?® for HBr(g) than for HCl(g); on this
basis, AH,,[HI] in benzene is expected to be more exo-
thermic than for HBr and probably of the order AH ., ca.
—(25 % 5) kJ mol™l. With this estimate and the solution
measurements AH, (I,/benzene) = (17.7 = 0.4) kJ mol™!
and AH;,(IMn(CO);I]/benzene) = (26.7 £ 0.5) kJ mol™,
in combination with AHy, = —(123.7 = 5) kJ mol, we
obtained AH,; = —(107.7 % 8) kJ mol™ for the idealized
reaction (25), leading to AH°([Mn(CO);H], 1) = -(777.4

[Mn(CO);H](1) + Iy(c) = [Mn(CO)sI](c) + HI(g) (25)

+ 9.5) kJ mol™!, From vapor-pressure measurements over
the temperature range 290-320 K, AH,,,[Mn(CO);H] =
(37.8 £ 0.8) kJ mol™? is derived,” and with this AH°-
([Mn(CO)s;H], g) = —(740 * 10) kJ mol™.
Measurements were also made of the enthalpy of reac-
tion of [Mn(CO);H] with carbon tetrachloride according
to eq 26, but these gave unconvincing results, as the re-

[Mn(CO);H](1) + CCl,(1) —
CHCl,(1) + Mn(CO)sCl/CCly)(soln) (26)

(28) Togansen, A. V.; Kurkchi, G. A.; Levina, O. V. Russ. J. Phys.
Chem. (Engl. Transl.) 1975, 49, 1396.
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Table XVIII. Sublimation and Iodination of [Mn(CO),I]

A. Vacuum Sublimation

[Mn(CO),I}/ A}{subT/ AH g, ™8/
T/K mg mol™! kJmol™!
378 5.937 91.4 76.7
377 8.830 93.0 78.1

B. Iodination

Mn(CO)Il/  aH.7/  AH™
T/K mg kdJ mol™! kJ mol ™!
474 5.779 113.7 77.4
475 5.779 119.6 83.1
476 6.521 115.6 78.9
476 5.984 114.0 77.3

action was too slow to reach completion under the con-
ditions used. In two of the experiments, it was possible
reasonably to extrapolate the temperature—time curves to
completion; these gave AH,?%® ~ —(193 + 10) kJ mol!
which corresponds to AH?°([Mn(CO);H], 1) ~ —(788 + 17)
kJ mol™!, overlapping the result from iodination, within
the combined error limits of the measurements.

9. Iodopentacarbonylmanganese, [Mn(CO);I]. The
iodination of this complex was studied at 474-476 K, and
the measured enthalpies of the reaction according to eq
27 are given in Table X VIII, together with measurements

[Mn(CO);I](c, 298) + 0.51,(g, T) —
Mnl(c, T) + 5CO(g, T) (27)

of the sublimation enthalpy of [Mn(CO);I] obtained by the
vacuum sublimation microcalorimetric technique at
377-378 K. The mean value of AH,;,?® = (79.2 & 2.8) kJ
mol™ corresponds to AH°([Mn(CO);l], ¢) = -(911.5 + 5)
kJ mol™. Taken with the mean value of AH, ;% = (77.4
+ 1.4) kJ mol™ leads to AH°([Mn(CO);l], g) = —(834 +
5) kJ mol.

10. Bromopentacarbonylmanganese, [Mn(CO);Br].
The bromination of this complex was studied at 374-376
K, and analyses confirmed that reaction was complete
according to eq 28 even at these slightly elevated tem-

[Mn(CO);Br](c, 298) + 0.5Bry(g, T) —
MnBrg(e, T) + 5CO(g, T) (28)

peratures. The measured enthalpies AH,;?® are given in
Table XIX, together with measurements of the sublima-
tion enthalpy of [Mn(CO);Br], obtained by the vacuum
sublimation microcalorimetric technique in the tempera-
ture range 365-375 K. The mean value of AH,?® = (9.9
%+ 1.8) kJ mol™! corresponds to AH°([Mn(CO);Br], c) =
—(964 + 4) kJ molt. Taken with the mean value of AH, ;2
= (88.0 = 2) kdJ mol™, this leads to AH°([Mn(CO);Br], g)
= —(876 = 5) kJ mol™.

Discussion

The enthalpies of formation of various [Mn(CO);R]
complexes from the present study and earlier studies® are
collected in Table XX. The final column of this table lists
bond dissociation enthalpies D(R-Mn(CO);) relating to the
process at 298 K

[(Mn(CO);R](g) — R(g) + [Mn(CO);](g) (29)
and calculated from

D(R-Mn(CO);) = AH°(R, g) + AH{°([Mn(CO);], g)
- AHf°([Mn(CO)5R],(g))
30

Established values, AH;°(R, g) for the relevant atoms and
radicals, are given as auxiliary data earlier. For the acetyl
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Table XIX. Sublimation and
Bromination of [Mn(CO),Br]

A. Vacuum Sublimation

[Mn(CO),Br]/ AHsubT/ AH g7/
T/K mg kJ mol™! kd mol !
365 2.105 98.5 86.1
365 2.180 101.5 89.1
375 2.170 103.2 88.9

B. Bromination

[Mn(CO),Brl/ aH,T/ AH, %/
T/K mg kJ mol™! kd mol ™!
374 2.465 23.8 8.1
374 2.240 29.3 13.6
376 2.200 24.2 8.1

radical, the value of AH°(CH,CO, g) = ~(22.6 % 5) kJ mol™
is accepted, as recommended by Benson® and by Hole and
Mulecahy.30 For the benzoyl radical, a value of
AHP(CH;CO, g) = (109.2 = 8) kJ mol™! has been re-
ported,’! which is also accepted here; a lower value, how-
ever, is indicated from thermal decomposition kinetic
studies on benzoyl chloride.?> There has been no direct
determination of AH(CF;CO, g); however, following an
estimate by Walsh,® based on AH® for the process

CF,CO(g) — CF3(g) + CO(g) (31)

of AHg = (37.7 + 12.5) kJ mol™, gives AH?°(CF,CO, g) =
-(616 £ 12) kJ mol ..

The value of AH°([Mn(CO);], g) remains to be firmly
established and is linked to the dissociation enthalpy of
the Mn-Mn bond in [Mny(CO);;]. The structure of
[Mn,(CO),o] has recently been redetermined by two
groups.®3 The metal-metal bond is longer (2.895 (1) A
at 74 K,* 2.904 (1) A at 296 K*) than in manganese metal
(average value 2.74 A%). Formation of this long single
bond has very little effect on the electron density of the
[Mn(CO);] fragments, and there is no evidence of signif-
icant charge density accumulation in the Mn—-Mn bond,
in agreement with detailed molecular orbital calculations.®’
The structure of the [Mn(CO);] radical, observed following
photodissociation of [Mny(CO),] in a cold matrix, shows?®
that the C,,MnC,, angle (96 £ 3°) is very little greater than
the comparable angle (94 £ 3°) in [Mn,(CO),5]. Mea-
surements of D(Mn-Mn) in [Mny(CO),y] have ranged
from® 79 to 154 kJ mol™.% -A value of 104 kJ mol™! is
calculated*! for the dissociation enthalpy at the mean
temperature (530 K) of measurements of the equilibrium
constant for the gas-phase dissociation [Mn,(CO),o] =
2[Mn(CO);] over a substantial temperature range (483-573

(29) Benson, S. W. “Thermochemical Kinetics”, 2nd ed.; Wiley: New
York, 1976.
(30) Hole, K. J.; Mulcahy, M. F. R. J. Phys. Chem. 1969, 73, 177.
(31) Solly, R. K.; Benson, S. W. J. Am. Chem. Soc. 1971, 93, 1592.
(32) Pritchard, H. O.; Moselhy, G. M. J. Chem. Thermodyn. 1975, 7,
77

(33) Walsh, R. University of Reading, Personal communication, 1982.

(34) Martin, M.; Rees, B.; Mitschler, A. Acta Crystallogr., Sect. B
1982, B38, 6.

(35) Churchill, M. R.; Amoh, K. N.; Wasserman, H. J. Inorg. Chem.
1981, 20, 1609.

(36) Oberteufer, J. A.; Ibers, J. A. Acta Crystallogr., Sect. B 1970, B26,
1499.

(37) Heijser, W.; Baerends, E. J.; Ros, P. Symp. Faraday Soc. 1981,
14, 211.

(38) Church, S. P.; Poliakof, M.; Timney, J. A.; Turner, J. J. J. Am.
Chem. Soc. 1981, 103, 7515.

(39) Bidinosti, D. R.; McIntyre, N. S. Chemn. Commun. 1966, 555.

(40) Hopgood, D.; Poé, A. J. Chem. Commun. 1966, 831.

(41) Bidinosti, D. R.; McIntyre, N. 8. Can. J. Chem. 1970, 48, 593.
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Table XX. Enthalpies of Formation AHy ([Mn(CO),R]) and Bond Dissociation Enthalpy Contributions D([R-Mn(CO),])

complex AaH¢ ©)kJ mol™! AHF ®/kd mol!  D([R-Mn(CO),])%/kJ mol™!

[Mn(CO),CF,] (1464 = 4) —(1386 = 4) (172 7)
[Mn(CO),C,H,] —(675+ 5) —(590: 7) (170 £ 11)
{Mn(C0),CH,C,H,] —(726 = 8) ~(642 ¢ 8) (87 = 12)
[Mn(CO),CH,] —(813 = 4) ~(753 = 4) (153 = 5)
[Mn(C0),COCH,] —(977£7) (897 = 10) (129 = 12)
[Mn(CO),COC,H,] —(847 = 4) —(724 + 5) (89 + 10)
{Mn(C0),COCF,] —(1586 « 3) ~(1508 = 6) (147 + 11)
[Mn(CO),H] —(778 + 10)(2) —(740 = 10) (218 = 10)
[Mn(CO0).1] —(911 % 5) —(834 ¢ 5) (195 = 6)
(Mn(CO),Br] —(964 + 4) —(876 + B) (242 = 6)
Mn(C0),CH (1009 = 8) (918 + 10) (294 + 10)
[Mn,(CO),,] —(1677 = 4) —(1585 = 5) 94

¢ Relative to D([(CO),Mn-Mn(CO),]) = 94 kJ mol™*.

K), which agrees with an independent mass spectrometric
study.®? 't is argued*? that the low values of D(Mn-Mn)
are unacceptable because they imply a “totally
unreasonable” low value of the entropy of activation for
the homolytic fission process. We have redetermined the
He I photoelectron spectrum of [Mny(CO),,] with signif-
icantly improved resolution and find IP(adiabatic) = (7.69
£ 0.01) eV and IP(vertical) = (8.02 = 0.01) eV, in good
agreement with the values [(7.7 £ 0.1), (8.01 £ 0.05) eV]
derived from a spectrum published* earlier. These are
significantly lower than the values [(8.44 % 0.03),% 8.3242
eV] obtained from mass spectrometry by using the ex-
trapolated voltage difference method. This suggests that
AP([Mn(CO);]*), measured as 9.26% and 9.40 eV# by the
same method, should also be reduced. On the other hand,
the kinetically determined* value of D(Mn-Mn) = 154 kJ
mol™! requires that AP([Mn(CO);]") should be ca. 9.6 eV,
which we regard as less likely. We are unable to reconcile
these contradictions, so that in evaluating our results we
have chosen a value of D(Mn-Mn) = 94 kJ mol? at 298
K in line with the results of mass spectrometry. Taking
AH,([Mny(CO)yo]) = (92.3 £ 2.1) kJ mol™, the choice
corresponds to AH?([Mn(CO);], g) = —(745.5 £ 2.5) kJ
mol™l. The values of D(R-Mn(CO);) given in Table XX
will require upward adjustment if D(Mn-Mn) should be
closer to the kinetically determined value.

The values of D(R-Mn(CQ);) decrease in passing along
the series CF3 == CGHS > CH3 > CH2CGH5 and follow the
trend in the hydrocarbons RH, where D(R-H) falls sub-
stantially in passing from R = C;H; ((460 £ 8) kJ mol™)
to R = CH,CgHj; ((360 * 4) kd mol™). The same trend is
observed in D(R-CH;). However, whereas both D(R-H)
and D(R-CHj) are greater for R = CgH; than for R = CFy,
they are almost equal for R = Mn(CO);, which might be
interpreted as a relative strengthening of the Mn—CF; bond
in [Mn(CO);CF;]. A further indication of this is that the
value of D([CO);sMn—CF;]) exceeds D([(CO);Mn—CH;)) by
more (19 kJ mol™) than the difference (6 kJ mol™?) between
D(H-CF3) and D(H-CH,;). This is consistent with many
observations® that the replacement of H by F in ¢s-bonded
transition-metal alkyls increases their thermal stability and
decreases the metal-C(alkyl) bond length. Whereas D(X-
COC¢H;) ~ D(X-COCHj;) (X = H, CH,), D([(CO);Mn-C-
OCgH;)) is much less than D([(CO);Mn—-COCHS,)), it would
be interesting to know whether the Mn—C(sp?) bond in the
benzoyl complex is longer than that in the acetyl complex.
The evidence available from the structurest® of [Zr(n-

(42) Junk, G. A.; Svec, H. J. J. Chem. Soc. A 1970, 2102,

(43) Pog, A. ACS Symp. Ser. 1981, No. 155, 135.

(44) Higginson, B. R,; Lloyd, D. R.; Evans, S.; Orchard, A. F. J. Chem.
Soc., Faraday Trans. 2 1975, 71, 1913.

(45) Bruce, M. L; Wallis, R. C.; Skelton, B, W.; White, A. H. J. Chem.
Soc., Dalton Trans. 1981, 2205,

CsH;),(CH,)(COCH;)] (d(Zr-COMe) = 2.197 (6) A) and
[Fe(n-CsH)(CO)(PPhy)(COCeH;)] (d(Fe—COPh) = 1.97 A)
is ambiguous but does not appear to confirm this expec-
tation. Recent studies of the oxidative addition of CH,I
and of CH;COI to trans-[IrC1(CO)(PMe,);] by titration
calorimetry suggest*’ that D(Ir~CH,) ~ D(Ir-COCH,), a
conclusion which does not agree with our own. A value
of D(Ir-COCH,) = (205 =% 46) kJ mol™ has been obtained.®

The enthalpies of the carbonylation reaction (32) at 298
K can be derived from the values for AH{°(c). The values

[Mn(CO)sR](c) + CO(g) — [Mn(CO);COR](c) (32)

of AHj, change in the order R = CgH; (—(63 + 8) kJ mol™)
<R =CH; (~(54 £ 8) kd mol')) <R = CF; (-(12 £ 7) kJ
mol™?). These reactions involve the loss of the translational
contribution to the entropy of CO absorbed by reaction,
and the overall entropy change for the process is probably
not less than this (AS, ., = 150 JKT mol™?). In this event,
the Gibbs energy change AG3,° remains negative for R =
C¢H; and CH; but is positive for R = CF;. In practice,®
the carbonylation of [Mn(CO);CH,] is readily accom-
plished; in contrast, [Mn(CO);CF}] resists direct carbo-
nylation, even under high pressures of CO, and the de-
carbonylation of [(CO);MnCOCF}] is the preferred route
to [(CO)sMnCF;]. Recent molecular orbital calculations
have suggested®® that the decrease in the rate of carbo-
nylation of [Mn(CO);R] from R = CH; to R = CF; is not
connected with a strengthening of the Mn—C(sp?) bond but
rather with a change in the charge distribution on the
carbon atom which reduces the likelihood of nucleophilic
attack.

The intervention of metal-formyl complexes as possible
intermediates in metal-catalyzed reactions between CO
and hydrogen to form hydrocarbons and oxohydrocarbons
(the Fischer-Tropsch reaction) has received much study
in the recent past.’! These studies have proceeded from
the premise that a possible initial step in the activation
of CO is the insertion of CO into a M-H bond or, alter-
natively, a hydride migration from M-H onto a coordi-
nated CO ligand®? under the influence of added CO, in the
manner of an alkyl migration process. When the known
values (Table XX) of D([(CO);Mn-R]) are included in a

(46) Facinetti, G.; Floriani, C.; Marchetti, F.; Merlino, S. J. Chem.
Soc., Chem. Commun. 1976, 522. Semion, V. A.; Strutchkov, Y. T. Zh.
Strukt. Khim. 1969, 10, 664.

(47) Yoneda, G.; Blake, D. M. Inorg. Chem. 1981, 20, 67.

(48) Yoneda, G.; Lin, S. M.; Wang, L. P.; Blake, D. M. J. Am. Chem.
Soc. 1981, 103, 5768.

(49) Calderazzo, F. Angew Chem. 1977, 89, 305.

(50) Saddei, D.; Freund, H. J.; Hohlneicher, G. J. Organomet. Chem.
1980, 186, 63.

(51) Masters, C. Adv. Organomet. Chem. 1979, 17, 61. See also several
articles in: ACS Symp. Ser. 1981, No. 152,

(52) Pearson, R. G.; Walker, H. W.; Mauermann, H.; Ford, P. C. Inorg.
Chem. 1981, 20, 2741,
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Table XXI. Bond Dissociation Enthalpy Contribution in the Ion D([R-Mn(CO),]*)

AHf (Mn(CO),R]")/
kJ mol™!

D([R-Mn(CO),]*)/

complex 1P/kd mol~! kd mol™! AD/kd mol™!
[Mn(CO),CF.] ~855¢ ~-531 ~103 ~69
[Mn(CO).H] (825 + 8)b (85 + 13) (173 + 15) (40 + 18)
[Mn(CO),CI] ~811°¢ ~-107 ~268 ~26
[Mn(CO),Br] 807¢ ~-69 ~221 ~21
[Mn(CO),CH,] (801 = 8)b (49 £ 9) (187 £ 12) (16 = 13)
[Mn(CO),I] ~780° ~-54 ~201 ~—6
[Mn,(CO),,] (741 + 1) —(837 £ 6) 135 —(38+ 12)

@ IP at peak maximum of first band in He I photoelectron spectrum® has been reduced by 30 kJ mol™! to correct to
adiabatic IP, Y Reference 56. ¢ Unresolved first band in He I photoelectron spectrum® reduced by 45 kJ mol™' to allow

for nonresolution and to correct to adiabatic IP. ¢ This work.

diagram representing the variation of D(X-R) (X = H,
CH,) with AH°(R-, g) (R = H, CH;, C¢H;, CHO,* COCHj,
COC¢H;), an estimate of D([(CO);Mn-CHO]) [~115 kJ
mol™] is obtained. Using this value, we estimate AH°-
{((Mn(CO);CHO], g} ~ -830 kJ mol™ for the unknown
formyl complex so that the enthalpy change for reaction
33 can be estimated, AHy; ~ +20 kJ mol! which is made

[Mn(CO);H](g) + CO(g) — [Mn(CO);CHO](g) (33)

yet less favorable when the entropy contribution of CO (45
kJ mol™? at 300 K) is included. This suggests that the
production of a formyl intermediate in the Fischer-
Tropsch reaction is unlikely to be significant. This con-
straint will be relaxed if the metal center is both coordi-
natively unsaturated and has good affinity for oxygen,
thereby enabling the stabilization of the formyl ligand in
the #2-(C, O) form, as has been observed recently in the
reaction of [Th(n-CsMe;),(0-t-Bu)H] with CO in toluene
solution.?

The values of D([(CO);Mn-X]) for the monoatomic
ligands X = Cl, Br, and I parallel the related values of
D(X-CHj,) and D(X-H), but D([(CO);Mn-H]) is rather
smaller than might have been predicted simply from this
comparison.

The formation of C-H bonds as a result of binuclear
reductive elimination reactions between [Mn(CO),L-
(CH,C¢H,-4-X)] and [MnH(CO) L] has been described.5
The enthalpy values in Table XX can be used to calculate
values of the enthalpy change in reactions 34-36. In each

[Mn(CO);R] + [Mn(CO);H] — [Mn,(CO),,] + RH
(34)

[Mn(CO);COR] + [Mn(CO);H] —

[Mn(CO);COR] + 3[Mn(CO);H] —
2[Mny(CO),] + RCH,0H (36)

case the change is favorable to reaction; for example, in
the case of R = CH;, AHy, = ~160 kJ mol™!, AHy; = -114
kJ mol™, and AH, = -288 kJ mol™, for gas-phase reac-
tions.

Assuming that the enthalpy contribution of the Mn—C-
(sp®) bond in [Mn(CO);C,Hj;] is the same (153 kJ mol™)
as in [Mn(CO);CH;], we can estimate AH;°([Mn-
(CO)sC.H;], g) =~ -791 kJ mol!. With this value, the
enthalpy change for the elimination reaction (37) is cal-

[Mn(CO);C;H;](g) — [Mn(CO);H](g) + C,H,(g)  (37)

(53) Dyke, J. M.; Jonathan, N. B. H.; Morris, A.; Winter, M. J. Mol.
Phys. 1980, 39, 629.

(54) Fagan, P. J.; Molloy, K. G.; Marks, T. J. J. Am. Chem. Soc. 1981,
108, 6959.

(55) Nappa, M. J.; Santi, R.; Diefenbach, S. P.; Halpern, J. J. Am.
Chem. Soc. 1982, 104, 619.

culated, AHg; =~ 103 kJ mol™t, [Mn(CO);C,H;] is stable
with respect to thermal decomposition at room tempera-
ture?” but decomposes above 330 K to give a variety of
products including ethene. The enthalpy change in the
formal oxidative addition reaction (38) is calculated to be

[Mn,(CO)y,](g) + RX(g) —
[Mn(CO);R](g) + [Mn(CO);X](g) (38)

thermoneutral within the stated uncertainty limits, except
for CF3I (AH38 = -45 kJ mOl—l) and CGH5COBI‘ (AH38 =
+32 kJ mol™?).

Values for the ionization potentials of [Mn(CO);R] have
been obtained from photoelectron spectra,* and some data
are also available on the appearance potentials of [Mn-
(CO);]* from photoionization mass spectra,’® which are
{994 + 10) kJ mol™ from {Mn(CO);H] and (941 % 5) kJ
mol™? from [Mn(CO);CH;]. Coupled with the present
AH P (g) values, these lead to AH;°([Mn(CO);]*, g) = (36
+ 14) kJ mol™! (from [Mn(CO);H]) and (42 £ 7) kJ mol™
(from Mn(CO);CH;). Choosing AH°([Mn(CO);]*, g) =~ (40
+ 8) kJ mol}, the dissociation enthalpies D([R~Mn-
(CO);]1*) in the molecular ions are as listed in Table XXI.
The two values used in this paper AH°([Mn(CO);], g) =
—(745.5 £ 2.5) kJ mol™ and AH°([Mn(CO);5]*, g) = (40 =
8) kJ mol™ require the adiabatic ionization potential of
the free {Mn(CO);] radical = (785.5 £+ 9) kJ mol™%; this
compares with a direct measurement by electron-impact
mass spectrometry® of the vertical ionization potential,
of (814 % 10) kJ mol®. The final column in Table XXI
gives the difference AD = D([R-Mn(CO);l) - D([R-Mn-
(C0O);51") kJ mol™; the values are generally positive and
increase with the electron-acceptor character (electroneg-
ativity) of the group R. There is an apparent reversal of
sign for R = Mn(CO);, the calculated value in the ion of
E([(CO)sMn-Mn(CO);]*) exceeding that in neutral
[Mny(CO),0]. The value of AD in this case is given directly
by the difference AD = IP([Mny(CO)y]) — IP((Mn(CO);)),
and an accurate measurement of the latter is required to
establish the validity of the trend indicated in Table XXI.
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Palladium-Assisted Alkylation of Olefins. 2. By Benzyl-,
Phenyl-, and Cyano-Stabilized Carbanions
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Phenyllithium and benzylmagnesium chloride alkylate (1-hexene)palladium(II) complexes in modest
yield to produce 1-phenylhexane or 1-phenylheptane, respectively, after a reductive isolation. N-Vinyl-
acetamide reacts with benzylmagnesium chloride in the presence of palladium(II) chloride to produce
N-acetylamphetamine in good yield. Nitrile-stabilized carbanions alkylate palladium(II)-coordinated olefins
in fair to good yields. Stabilized phosphorus ylides react with the same complexes to form relatively stable
organopalladium intermediates which produce aryl (from the phosphine group) olefins upon thermal

decomposition.

Introduction

The palladium-assisted alkylation of olefins has recently
been reported (eq 1).! Stabilized carbanions (pK, =
10-17) reacted with (olefin)palladium(II) complexes in the
presence of 2 equiv of triethylamine to result in the al-
kylation of the olefin predominantly at the 2-position.
With the addition of hexamethylphosphoramide (HMPA)
to the reaction medium, less stabilized carbanions (pK, =
30) also alkylated olefins in reasonable yield, the regio-
chemistry of the process being strongly dependent on the
nature of the olefins. In this paper we report the extension
of the process to benzylmagnesium chloride, phenyllithium,
and nitrile-stabilized carbanions.

r

. 1) HMPA/THF 20° R
R Cl o
\ \Pd/ | _22EN T8
= + PdCl, —— —_—
2 o V 3 R'M -60° )
2 4) Hy 1 R
+ (1)
R R’

Results and Discussion

As the basicity of the carbanion increases, the palladi-
um-assisted alkylation of olefins becomes increasingly
sensitive to reaction conditions. This is seen in the reaction
of benzylmagnesium halide with (olefin)palladium(II)
complexes. Reaction with the palladium(II)-olefin com-
plex of 1-hexene prepared from the acetonitrile complex
of palladium chloride, PACL,(CH;CN), gave a 3:1 mixture
of regioisomer (23% overall yield) resulting from the al-
kylation of the 2-position of the olefin (1-phenyl-2-
methylhexane) and the terminal position of the olefin (1-
phenylheptane), respectively. In contrast, the same re-
action using the benzonitrile complex of palladium chlo-
ride, PdCl,(PhCN),, as a source of palladium(II) produced
1-phenylheptane as the sole product (30% yield). This
indicated that the regiochemistry of alkylation was sen-
sitive to the nature of the nitrile ligand, in spite of the
presence of a large excess of HMPA and 2 equiv of tri-
ethylamine. These disappointingly low yields were ob-
tained after a significant effort to optimize the conditions
for this conversion and may be indicative of the inherent
limits of this reaction. The electron-rich olefin, N-vinyl-

acetamide, reacted with benzylmagnesium chloride in
considerably better yield (70%), producing N-acetyl-
amphetamine (eq 2).

NHAc

NHAc A S
. Pd
— + PACL,(CH,CN), ——= /
21CRaLN), Cl/ N, A (2)

70%

Phenyllithium reacted with the (1-hexene)palladium(II)
complex prepared from PdClL,(PhCN), to give low
(15-20%) yields of 1-phenylhexane after a reductive
product isolation step. When the reaction was repeated
by using PdCl,(CH3;CN), as the source of palladium(II),
the major product was 1-cyanoheptane, from the alkylation
of 1-hexene by the acetonitrile anion, apparently generated
in situ by deprotonation of acetonitrile by phenyllithium.
This provides a general procedure for the alkylation of
olefins by cyano-stabilized carbanions (eq 3). The results
are summarized in Table I.

1) 2 HMPA 25°

2) 2EtgN, -78°
———————————
3) 2 PhCHpMgCl, -60°
4) Hz

R’ 1) HMPA, 25°

2) 2 EtgN, -78°
PdACI,(RCH,CN), + =/ —_—_—

3 PhLi, -78°

(3)

B-elimination
Ha
R

R /\,./-’<
s 7/
RCH,CH,CH RS

CN
CN
3 4

The highest yields (~75%) of alkylation by the aceto-
nitrile anion were obtained by externally generating the
nitrile anion (n-BuLi, 0 °C) and by adding it at —78 °C to
the standard olefin/PdCl,(CH3CN),/Et;N/HMPA mix-
ture. Comparable yields with other nitriles were obtained
by starting with the preformed palladium complex of the
particular nitrile to be introduced.? Slightly lower yields
(10-15%) were obtained by using the benzonitrile complex

(1) L. S. Hegedus, R. E. Williams, M. A. McGuire, and T. Hayashi, J.
Am. Chem. Soc., 102, 4973 (1980), and references therein.

(2) L. S. Hegedus and W. H. Darlington, J. Am. Chem. Soc., 102, 4980
(1980), and references therein.

(3) These nitrile complexes are easily formed by dissolving commercial
PdCl, in the desired nitrile, followed by precipitation of the complex with
pentane. See: J. Tsuji, “Organic Synthesis with Palladium Compounds”,
Springer-Verlag, Berlin, 1980, p 2.
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Table I. Palladium-Assisted Alkylation of Olefins by Nitrile-Stabilized Carbanions (Eq 3)

olefin nitrile isolatn products % yield®

1-hexene CH,CN H, 3,R"=nBu,R=H 65
1-octene CH,CN H, 3,R =n-hex,R=H 700
1-octene CH,CN 8 eliminatn 4,R =n-hex,R=H 699
1-octene CH,CH,CN H, 3, R’ = n-hex, R =Me 710
1-octene CH,CH,CN g eliminatn 4,R’ = n-hex, R = Me 66°-¢
1-hexene PhCH,CN H, 3,R"=n-Bu,R=Ph 50
1-hexene PhCH,CN g eliminatn 4,R" =n-Bu, R=Ph 454

@ Yields are for isolated, purified products. ® In addition to the nitrile product, 10-15% of the alkylated benzene, from
attack of the olefin by phenyllithium, was obtained. ¢ In addition to the nitrile product, 10-15% of the alkenylated ben-
zene, from attack of the olefin by phenyllithium, was obtained. ¢ The product is a mixture of olefin regioisomers.

PdCl,(PhCN), as a source of palladium(II) and adding 2
equiv of the desired nitrile having o protons to the reaction
solution prior to the addition of the olefin. Formation of
stable (cyanoalkyl)palladium complexes by attack of the
carbanion on the palladium* was not observed, regardless
of the procedure followed. The unique ability of phe-
nyllithium to deprotonate carbanion precursors in the
presence of (olefin)palladium(II) comlexes is currently
being explored for use in the intramolecular atkylation of
olefins.

This alkylation reaction was regiospecific, alkylation
always occurring at the less substituted terminus of the
olefin. This is typical for reactions of nonstabilized car-
banions.! Acetonitrile, propionitrile, and phenylacetonitrile
anions reacted in fair to good yield with the straight-chain
olefins, 1-hexene and l-octene. A reductive isolation
procedure (1 atm of H,, 0 °C) produced the expected
saturated nitrile product. Allowing the reaction to warm
to 25 °C in the absence of hydrogen permitted a S-hydride
elimination to ensue. The resulting product was a mixture
of positional olefin isomers, from a palladium-catalyzed
olefin isomerization process.?2 These mixtures of olefins
were easily reduced to their saturated analogues by ex-
posure to hydrogen in the presence of a palladium catalyst.

Finally, the reaction of the stabilized ylide
Ph,;PCHCO,Et with the palladium (II) complex of 1-hex-
ene was briefly examined. This ylide is known to alkylate
[CpFe(CO),(olefin)]* species cleanly,’ and similar chem-
istry was anticipated for (olefin)palladium(II) complexes.
However, reaction of the palladium(II) complex of 1-hex-
ene with the ester-stabilized ylide under standard alkyla-
tion conditions led to the production of a relatively stable
palladium species which did not decompose in solution at
room temperature. Heating the solution to 50 °C for
several hours resulted in the slow deposition of metallic
palladium. The sole indentifiable organic product from
this reaction was 1-phenyl-1-hexene (30% yield). The
phenyl group was shown to have come from the tri-
phenylphosphine by using the ylide prepared from tri-p-
tolylphosphine. From this reaction, 1-(4-methyl-
phenyl)-1-hexene was isolated in 20% yield. These ob-
servations suggest that the stabilized phosphorus ylides
attacked the palladium, forming a relatively stable ylide
complex rather than attacking the coordinated olefin. A
number of stable isolable palladium complexes of phos-
phorus®1? and sulfur ylides are known,''13 and most are

(4) For stable cyanoalkylpalladium(II) complexes see: K. Hiraki, M.
Onishi, and H. Matsuo, J. Organomet. Chem., 185, 111 (1980); K. Hiraki,
T. Masumoto, Y. Frichita, and Y. Zegi, Bull, Chem. Soc. Jpn., 54, 1044
(1981).

(5) P. Lennon, A. M. Rosan, and M. Rosenblum, J. Am. Chem. Soc.,
99, 8426 (1977).

(8) K. Itoh, H. Nishiyama, T. Ohnishi, and Y. Ishii, J. Organomet.
Chem.,, 76, 401 (1974).

(7) H. Nishigama, K. Itoh, and Y. Ishii, J. Organomet. Chem., 87, 129
(1975).

formed by the direct reaction of the ylide with a halo-
palladium(II) complex. The incorporation of aryl groups
from phosphines, observed in the thermal decomposition
of the palladium species formed above, is likely to have
occcurred by oxidative addition of a phosphine aryl group
to a zerovalent palladium species, followed by insertion of
hexene into the arylpalladium(II) complex and 8-hydride
elimination. Oxidative addition of arylphosphines to both
palladium(0) and nickel(0) complexes is a well-known
process.'* The ensuing insertion elimination steps are
equi}'salent to the well-established Heck arylation of ole-
fins.

Experimental Section

All melting points are uncorrected. Infrared spectra were
recorded on either a Beckman 4200 or a Beckman Acculab-3
spectrophotometer. 'H NMR spectra were recorded on either
a Varian Model EM360 or a Varian Model T-60 spectrometer
using Me,Si as an internal standard and are reported in §. All
isolations were accomplished by medium-pressure liquid chro-
matography using a Michel-Miller column (37 mm X 350 mm)
packed with Merck Silica Gel-60 (230400 mesh). All products
were detected with an ISCO Model UA-5 Absorbance/Floures-
cence Monitor at a wavelength of 254 nm. Analyses were per-
formed by Midwest Microanalytical Labs, Indianapolis, IN.

Materials. All solvents were freshly distilled and stored under
an argon atmosphere. Immediately before use they were degassed
and saturated with argon. Tetrahydrofuran (THF) (Fisher,
Spectra Grade) was refluxed over Na wire with benzophenone
and distilled at atmospheric pressure under a N, atmosphere.
Hexamethylphosphoramide (Aldrich, 99%) was purified by
stirring with CaH,, for 24 h and distilled from CaH, under reduced
pressure (2-4 mm). Triethylamine was purified by stirring with
CaH; and distilling from CaH, at atmospheric pressure under N,.
Benzylmagnesium chloride was purchased from Alfaasa 1.1 M
solution in THF. Phenyllithium was prepared by a known pro-
cedure!® and was used as ~0.70 M solution in Et,0. Phoshorus
ylides were prepared by standard procedures.!®® PJdCl,(RCN),
complexes were prepared by rapidly stirring PdCl, with the ap-
propriate nitrile, using the nitrile as solvent, for 3 days, followed
by filtration to yield the complex as a powdery solid.?

General Procedure for the Alkylation of Olefins with
Unstabilized Anions. The PdCl,(RCN), (1 equiv) was trans-

(8) P. Bravo, G. Fronza, and C. Ticozzi, J. Organomet. Chem., 111, 361
(1978).

(9) S. A. Dias, A. W. Downs, and W. R. McWhinnie, J. Chem. Soc.
Dalton Trans., 162 (1975).

(10) H. Koezuka, G-E. Matsubayashi, and T. Tanaka, Inorg. Chem.,
15, 417 (1976).

(11) H. Koezuka, G-E. Matsubayashi, and T. Tanaka, Inorg. Chem.,
13, 443 (1974).

(12) P. Bravo, G. Fronza, C. Ticozzi, and G. Gaudieno, J. Organomet.
Chem., 74, 143 (1974).

(13) P. Bravo, G. Fronza, and C. Ticozzi, J. Organomet. Chem., 124,
C80 (1976).

(14) D. R. Fahey and J. E. Mahan, J. Am. Chem. Soc., 98, 4499 (1976).

(15) R. F. Heck, Pure Appl. Chem., 50, 691 (1978).

(16) a) Organic Syntheses, Vol. 3, p 7567; (b) U. Schéllkopf, Angew.
Chem., 71, 260 (1959).
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ferred to a 100-mL side-arm flask fitted with a stopcock, stir bar,
and serum cap. The flask was alternately evacuated and filled
with argon (four cycles) on a vacuum line. The flask was then
fitted with an argon-filled balloon. THF (40 mL/mmol of com-
plex) was added via syringe to yield a light amber, heterogeneous
suspension. The olefin (2-4 equiv) was added all at once, and
stirring was continued until the mixture was light, clear, and
homogeneous (~15 min). HMPA (2~-20 equiv) was added all at
once via syringe. After 3 min the slightly darkened solution was
cooled to -78 °C, and stirring was continued for 10 min. Tri-
ethylamine (2 equiv) was added over a 20-min period via syringe,
and stirring was continued for an additional 0.25-1 h. During
this time, the solution was allowed to come to the required tem-
perature for addition of the anion. The anion (1-2 equiv) was
either added all at once in solid form or added via cooled syringe
in THF (3 mL/mmol of anion). The anion solution was generally
kept at —78 °C regardless of the temperature of the reaction
solution. After 15 min, either the cold bath was removed and the
reaction was warmed to room temperature and stirred for 4-8 h
to yield the 8-elimination product or the flask was flushed with
H,, fitted with an H, balloon, stirred at -60 °C for 15 min and
then allowed to come to room temperature and stir for 4-8 h to
yield the reduced product.

General Isolation Procedure. The black heterogeneous
mixture was filtered through a medium-sintered glass filter funnel
or through celite filter cell to yield a colorless to light yellow
solution. The solvent was removed in vacuo, and the resulting
yellow oil was taken up in Et,0 (100 mL/mmol of complex) and
washed three times with H;O (50 mL/mmol of complex) and once
with brine. The solution was dried over MgSO, and filtered to
yield a colorless to yellow solution. The solvent was removed in
vacuo to yield a yellow to red oil which was then purified by
medium—pressure liquid chromatography. All variations on this
general procedure are noted for each compound.

Preparation of N-Acetylamphetamine. PdCl,(CH,CN), (65
mg, 0.25 mmol) and N-vinylacetamide (42 mg, 0.5 mmol) were
combined in the usual manner. HMPA (90 mg, 0.5 mmol) was
added, and a slight lightening in color was noted. The reaction
then proceeded normally. Fifteen minutes after the addition of
triethylamine, the dry-ice was removed from the cold bath and
the temperature was allowed to rise to —60 °C (ca. 0.5 h), at which
time benzylmagnesium chloride (0.5 mmol) in THF (2 mL) at -78
°C was added over 0.25-h. The reaction mixture was stirred for
an additional 0.5 h at ~60 °C. The flask was then flushed with
H,, and the reaction was allowed to come to room temperature.
After being stirred for 8 h, the solution was filtered and the solvent
removed under vacuum. The product was isolated by MPLC (1:1
EtOAc/CH,Cl,) as a white crystalline solid (89-91 °C; 32 mg, 70%)
which was identical with authentic material:'? NMR (CDCl,) 5
1.13(d, J = 6 Hz, 3, CHj3), 1.94 (s, 3, COCHj), 2.78 (d, J = 6 Hz,
2, Ar=CH,), 4.33 (m, 1, CH), 5.35 (b s, 1, NHCO), 7.27 (s, 5, Ar);
IR (neat) 3270 (s, NH), 3060, 3020, 2960, 2940 (m, Ar), 1640 (s,
001)’ 1550 (s, Ar), 1540 (m, Ar), 740 (m, Ar—CH,), 700 (s, ArCH,)
cm?,

Preparation of 1-Phenylheptane. PdCl,(PhCN), (191 mg,
0.5 mmol) was combined with 1-hexene (168 mg, 2 mmol) in the
usual manner. HMPA (1.8 g, 10 mmol) was added all at once,
and a distinct darkening was noticed. The reaction mixture was
kept at ~78 °C for the addition of the anion. Benzylmagnesium
chloride (1 mmol) in THF (3 mL) at -78 °C was added via cooled
syringe. The reaction mixture turned a muddy red color. The
reaction proceeded by the standard reductive pathway. The
product was isolated by MPLC (hexane) as a homogeneous (by
GLPC) colorless oil (25 mg, 30%) and had *H NMR and infrared
spectra identical with those of authentic material.'®

Preparation of 1-Phenylhexane from PdCl,(PhCN), and
1-Hexane. PdCl,(PhCN), (191 mg, 0.5 mmol) and 1-hexene (168
mg, 2 mmol) were combined in the usual manner. HMPA (1.8
g, 10 mmol) was added all at once. The reaction proceeded in
the usual manner. The reaction was kept at -78 °C, and phe-
nyllithium (1 mmol) in THF (3 mL) was added all at once. The
reaction became a dark brown color. The temperature of the

(17) R. T. Coutts, G. R. Jones, A. Benderly, and A. L. C. Mak, J.
Chromatogr. Sci., 17, 350 (1979).
(18) The Aldrich Library of NMR Spectra, IV, 2d, IR 421F
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reaction was bought to —60 °C (ca. 0.5 h), and the flask was flushed
with Hy. The reaction was stirred an additional 0.25 h at 60 °C.
The cold bath was removed. After the mixture was stirred for
8 h at room temperature, usual workup and MPLC isolation
(hexane) produced the desired product as a homogeneous (by
GLPC) colorless oil (12 mg, 15%) which had '"H NMR and infrared
spectra identical with those of authentic material.!®

Preparation of Octanenitrile by the in Situ Generation
of the Acetonitrile Anion with Phenyllithium. PdCl,(C-
H;CN), (130 mg, 0.5 mmol) and 1-hexene (168 mg, 2 mmol) were
combined in the usual manner. After the solution became ho-
mogeneous, it was stirred for an additional 5 min. Acetonitrile
(61.5 mg, 1.5 mmol) was added all at once. After 5 min, HMPA
(1.8 g, 10 mmol) was added. The reaction solution was imme-
diately cooled to ~78 °C. The reaction then proceeded in the usual
manner. The solution was allowed to come to —60 °C, and phe-
nyllithium (1 mmol) in THF (3 mL) was added at -78 °C via
cooled syringe. The reaction mixture which turned dark but
within 5 min was a bright yellow-red, was stirred at —60 °C for
an additional 10 min and was then flushed with H;. The cold
bath was removed and the reaction solution was stirred at room
temperature for 4 h. Standard workup and MPLC isolation (10:1
hexane/ether) yielded octanenitrile as a clear, colorless oil (38
mg, 68%) along with 1-phenylhexane (13.5 mg, 14%). Each
compound had H NMR and infrared spectra identical with those
of authentic material.?®

Preparation of Decanenitrile by the in Situ Generation
of the Acetonitrile Anion by Phenyllithium. PdCl,(CH;CN),
(130 mg, 0.5 mmol) and 1-octene (226 mg, 2 mmol) were combined
in the usual manner. The reaction proceeds precisely the same
as in the preparation of octanenitrile. MPLC isolation (10:1
hexane/ether) yielded the product as a yellow oil (54 mg, 70%)*
along with 1-phenyloctane® (14 mg, 15%). Each compound had
'H NMR and infrared spectra identical with those of authentic
materials: NMR (CDCly) 6 0.87 (t, J = 4 Hz, 3, CHj), 1.28 (m,
14, CH,), 2.32 (t, J = 6 Hz, 2, CH,CN); IR (neat) 2950, 2920, 2845,
2235, 1465, 1420, 1375, 1255 ecm™.

Preparation of Decenenitriles through the in Situ Gen-
eration of the Acetonitrile Anion by Phenyllithium. The
reaction was performed exactly the same as in the decanenitrile
case, except in this case the reaction mixture was allowed to warm
to room temperature under an argon atmosphere. Standard
workup and MPLC (10:1 hexane/ether) isolation yielded a mixture
of decenenitriles as a yellow odoriferous oil (52 mg, 69%; which,
when reduced by H; with Pd/C catalyst, yielded decanenitrile
as the only product). A mixture of 1-phenyloctenes (12.5 mg, 13%)
also was isolated as a colorless oil which, when reduced (H,, Pd/C),
gave 1-phenyloctane. Decene nitrile: NMR (CDCly) 6 0.90 (t,
J = 4 Hz, 3, CHy), 1.30 (m, 6, CH,), 2.05 (m, 4, =CHCH,), 2.26
(d, J = 1 Hz, 2), 5.43 (m, 2, olefinic); IR (neat) 3010 (w), 2940,
2910, 2840 (s), 2230 (w, CN), 2205 (w, CH=CHCN), 1650, 1600,
1460, 1440 cm™. 1-Phenyloctenes: NMR (CDClg) 6 0.92 (t, J =
4 Hz, CHy), 1.28 (m, 7, CHy), 2.15 (m, 2, =CHCH,), 2.55 (t, J =
7 Hz, 2, Ar—CH,), 8.20 (d, J = 4 Hz, 0.5, ArCH,C=), 5.30 (m,
1, olefin), 6.18 (m, 1, olefin), 7.1 (d, J = 5 Hz, 5, Ar); IR (neat)
3080, 3060, 3020, 2950, 2920, 2850, 1600, 1495, 1455, 1370, 965,
740, 695 cm™L

Preparation of 2-Cyanodecane. PdCl,(CH,CH,CN), (144
mg, 0.5 mmol) and 1-octene (226 mg, 2 mmol) were combined in
the usual manner. After the solution became homogeneous (ca.
10 min), propionitrile (82.5 mg, 1.5 mmol) was added all at once.
After an additional 10 min, HMPA (1.8 g, 10 mmol) was added
all at once. The reaction then proceeded precisely as in the case
of octanenitrile. H, reduction, standard work up, and MPLC (10:1
hexane/ether) isolation yielded 2-cyanodecane (59 mg, 71%) and
1-phenyloctane (9.5 mg, 10%) as colorless oils. The nitrile was
identical with material synthesized by the method of Sperber:?

(19) Reference 18, IV, 2¢, IR 421C

(20) Reference 18, III, 154D, IR 375E

(21) B. Bogdanovic and J. B. Koster, Justus Liebigs Ann. Chem., 4,
692 (1975).

(22) Sadtler NMR Spectra, 3881M, IR 32043

(23) S. Murahashi, M. Yamamura, K. Yanagisawa, and K. Kondo, J.
Org. Chem., 44, 14 (1979).

(24;) E. Negishi and S. Baba, J. Chem. Soc., Chem. Commun., 597
(1976).
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NMR (CDCly) 8 0.91 (t, J = 4 Hz, 3, CHy), 1.35 (m, 14 CH,), 1.37
(d, J = 7 Hz, 3, H,CCHCN), 2.69 (m, 1, CH); IR (Neat) 2960, 2930,
2850, 2235 (m, CN), 1460, 1450, 1370, 1260 cm™.

Preparation of 2-Cyanodecene. This reaction was done in
the same manner as 2-cyanodecane, except that the reaction
solution was allowed to warm under an argon atmosphere and
stirred for 8 h at room temperature. Standard workup, MPLC
(10:1 hexane/ether) isolation yielded a mixture of 2-cyanodecenes
(54 mg, 66% ) along with 1-phenyloctene (9.2 mg, 10%) each as
a colorless oil. When each mixture was reduced (H, Pd/C)
2-cyanodecane and 1-phenyloctane were obtained as the only
products, respectively: NMR (CDCl;) 6 0.90 (t, J = 5 Hz, CHjy),
1.25 (d, J = 1 Hz, CHjy), 1.32 (m, CH,), 2.01 (m, CH,C=), 2.22
(m, H,CC=), 2.68 (m, H,CCHCN), 5.35 (m, 1.4 olefin); IR (neat)
2950, 2920, 2850, 2237 (m, CN), 2215 (m, CN), 1630, 1615, 1595,
1455, 1380, 960, 790, 760 cm™.

Preparation of 2-Phenyloctanenitrile. PdCl,(PhCN), (191
mg, 0.5 mmol) and 1-hexene (168 mg, 2 mmol) were combined
in the usual manner. When the solution became homogeneous
(ca. 10 min) phenylacetonitrile (175 mg, 1.5 mmol) was added all
at once. HMPA (1.8 g, 10 mmol) was added after 10 min, and
the reaction mixture was cooled to ~78 °C. The reaction proceeded
as in the case of octanenitrile. When phenyllithium was added,
a bright purple color was noted which eventually faded to deep
red. H, reduction, standard workup, and MPLC (10:1 hex-
ane/ether) isolation yielded 2-phenyloctanenitrile (50 mg, 50%)
as a colorless oil which was identical with material prepared by
an alternate synthesis:®¥ NMR (CDCl,) 6 0.89 (t,J = 5 Hz, 3 CHj),
1.32 (m, 10, CH,), 3.66 (t, J = 7 Hz, 1, NCCHAr), 7.17 (s, 5, Ar);
IR (neat ) 3055, 3020, 2945, 2920, 2850, 2225 (w, CN), 1595, 1490,
1460, 1450, 1370, 1270, 750, 690 cm™.

Preparation of 2-Phenyloctenenitriles. The preparation
was exactly the same as the preparation of 2-phenyloctanenitrile
except that the reaction mixture was allowed to warm under an
argon atmosphere. Standard workup and MPLC isolation (10:1
hexane/ether) yielded a mixture of 2-phenyloctenenitriles (44.5
mg, 45%) which when reduced with (Hy/Pd/C) yielded 2-
phenyloctanenitrile as the only product: NMR (CDCly) 6 0.93
(t,J = 5 Hz, 3, CH,), 1.30 (m, 6, CH,), 2.39 (m, 1, CH,C=), 3.60
(t,J = 7 Hz, 0.4, NCCHATr), 5.25 (m, 0.6, olefin), 7.04 (d, m, 0.7),
7.13 (s, 5, Ar); IR (neat) 3060, 3020, 2960, 2940, 2850, 2250 (w,
CN), 2200 (w, CN), 1670 (w), 1595, 1485, 1445 (m), 1370 (w), 1260
(m), 1140, 1060 (m), 750, 690 (s) cm™.

Preparation of Decanenitrile by the Extended Generation
of the Acetonitrile Anion. PdCl,(CH;CN), (260 mg, 1 mmol)
and l-octene (500 mg, 4 mmol) were combined in the usual
manner. HMPA (3.6 g, 20 mmol) was added all at once. The
reaction was then run in the standard manner. The acetonitrile
anion was generated with butyllithium at 0 °C and then after 1
h cooled to -78 °C. The reaction solution was allowed to warm

(25) N. Sperber, D. Papa, and E. Schwenk, J. Am. Chem. Soc., 70,
3089 (1948).
(26) A. Rossalymo, Ber. Dtsch. Chem. Ges. 22, 1233 (1889).

Hegedus and McGuire

to ~60 °C, and the anion was added via cooled syringe. The
solution immediately turned a deep red color. Stirring continued
at —60 °C for 0.5 h at which time the reaction solution was flushed
with H,. The solution was stirred at 60 °C for an additional 0.25
h, whereupon the cold bath was removed and stirred was con-
tinued at room temperature for 8 h. Standard workup yielded
decanenitrile (109 mg, 75%) as a colorless oil.

Preparation of (E)-1-Phenylhexene from (Carboxy-
ethylmethylene)triphenylphosphorane. PdCl,(CH;CN), (65
mg, 0.25 mmol) and 1-hexene (84 mg, 1 mmol) were combined
in the usual manner. HMPA (90 mg, 0.5 mmol) was added all
at once. The reaction proceeded in the usual manner. The
temperature of the reaction solution was allowed to warm to -60
°C where upon (carboxyethylmethylene)triphenylphosphorane
(87 mg, 0.25 mmol) was added as a solid. The solution imme-
diately turned bright yellow and homogeneous. The cold bath
was removed and was replaced with a 50 °C bath. The reaction
mixture was heated for 4 h at 50 °C. The dark yellow suspension
was filtered. The solvent was removed under vacuum to yield
a bright yellow solid which was crushed and extracted with hexane
(100 mL). The solvent was removed; MPLC isolation (hexane)
vielded (E)-1-phenylhexene (12 mg, 30%) which was identical with
material synthesized by an alternate procedure:® NMR (CDCly)
6 0.92 (t, J = 5 Hz, 3, CHj), 1.30 (m, 4, CH,), 2.10 (m, 2, =CCH,),
6.13 (m, 2, ArCH=CH), 7.12 (m, 5, Ar); IR (neat) 3080, 3050, 3020,
2950, 2850, 1620, 1495 (m), 1455, 1370, 1260 cm™.

Preparation of (E)-1-p-Tolylhexene from (Carboxy-
ethylmethylene)tri-p-tolylphosphorane and 1-Hexene. The
reaction was run exactly as in the 1-phenylhexene case except
that the p-tolyl ylide (92.25 mg, 0.25 mmol) was used. The same
workup was used to yield 1-p-tolylhexene (13.5 mg, 30%) as a
colorless liquid. This compound corresonds in all ways to the
compound prepared by the method of Negishi:** NMR (CDCl,)
80.92 (t,J = 5 Hz, 3, CHy), 1.30 (m, 4, CHy), 2.15 (m, 2, =CHCH,),
2.32 (s, 3, ArCHy), 6.1 (m, 2, ArCH=CH), 7.15 (m, 4, Ar); IR (neat)
300(1), 2990, 2900, 2840, 1630, 1505(m), 1450, 1360, 1290, 960, 790
cm™,
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Interaction of Trimethylaluminum and Trimethylgallium with the
Acetate Ion. Synthesis and Crystal Structures of
[N(CH,),][Al,(CH;)(CH,CO0] and Rb[Ga,(CH,),CH,CO0]
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The crystal structures of the closely related compounds [N(CHj,),][Al,(CH3)¢CH3;COO] and Rb[Ga,(C-
H3);CH,COO] have been determined from single-crystal X-ray diffraction data collected by counter methods.
The former compound crystallizes in the orthorhombic space group Pnma with unit cell parameters a =
10.202 (3) A, b = 10.300 (3) A, ¢ = 18.772 (5) A, and p (caled) = 0.93 g cm™ for Z = 4, whereas the latter
compound crystallizes in the triclinic space group P1 with a = 8.986 (3) A, b = 9.243 (3) A, ¢ = 9.281 (3)
A, o =93.27 (4)°, 8 = 90.83 (4)°, v = 103.61 (4)° , and p (caled) = 1.66 g cm™ for Z = 2. Least-squares
refinement gave final R values of 0.086 and 0.077 for 973 and 2125 independent observed reflections,
respectively. Both aluminum and gallium atoms are tetrahedrally coordinated, with M-O distances averaging

1.871 (4)
(2) and 2.00 (1) A, respectively.

Introduction

The necessity to characterize related trimethylaluminum
and trimethylgallium anionic adducts is important for two
principle reasons. First, the phenomenon of liquid clath-
rates based upon aluminum alkyls, which was initially
reported in 1972,! has been widely studied within our group
in recent years, and it was soon realized that the geometry
and size of the [Al;R¢X]™ anion has a considerable effect
upon the nature of the liquid clathrate, notably the aro-
matic-to-anion ratio.? It would therefore be a natural
extension to study the corresponding gallium-based liquid
clathrates in terms of both solution behavior and solid-
state structure. Second, only one other trialkylgallium
adduct has been characterized crystallographically.? It
was of interest to see if the structural changes between the
trimethylaluminum and trimethylgallium adducts of the
thiocyanate anion also carry over to other anions. We have
therefore undertaken and herein report the synthesis and
crystal structures of the closely related compounds rubi-
dium bis(trimethylgallio)acetate and tetramethyl-
ammonium bis(trimethylalumino)acetate.

Experimental Section

Synthesis of [N(CH;),]J[Al,(CH;)¢CH;COO]. [N(CHj),]-
[Al(CH4)¢CH3COO] was prepared by reacting 0.01 mol of [N-
(CH,),][CH;COQ] with 0.02 mol of (CH3)3Al in excess p-xylene.
Formation of the layering effect (liquid clathrate) characteristic
of 2:1 complexes was noted immediately, and, as previously re-
ported,*5 crystals of the 1:1 complex had formed within 30 min
according to (1). Crystals of the 2:1 complex formed after the
reaction mixture was left for a prolonged period of time (ca. 1
year in a sealed tube).

[N(CHS),][Aly(CHy)sCH;COO]-aromatic =
[N(CH3)4] [AI(CH3)3CH30001 + AI(CH3)3 + aromatic (1)

Synthesis of Rb[Ga,(CH,;);CH;C00]. Rb[Ga,(CHj;)sCH;-
COO] was prepared in a similar manner with 0.002 mol of Rb-
[CH;COO0] and 0.004 mol of (CHj,);Ga being mixed in excess
benzene at room temperature. Reaction was immediate, and a

(1) Atwood, J. L.; Newberry, W R. J. Organomet. Chem. 1972, 42, C77.

(2) Atwood, J. L., “Recent Advances in Separation Science”; CRC
Press: Palm Beach, FL, 1977; Vol. 4.

(8) Zaworotko, M. J.; Hmcir, D. C.; Atwood, J. L., unpublished results.

(4) Atwood, J. L.; Crissinger, K. D.; Rogers, R. D. J. Organomet. Chem.
1978, 155, 1.

(5) Atwood, J. L.; Hunter, W. E.; Crissinger, K. D. J. Organomet.
Chem. 1977, 127, 403.

for M = Al and 2.069 (1) A for M = Ga and the corresponding M~C distances averaging 1.94

Table I. Crystal Data and Summary of Intensity Data
Collection and Structure Refinement

[N(CHa)a]'
[AL(CH,),- Rb[Ga,(CH,),-
CH,C00] CH,C00]
mol wt 277.4 374.2
space group Pnma Pl
cell constants

a, A 10.202 (3) 8.986 (3)

b, A 10.300 (3) 9.243 (3)

¢, A 18.772 (5) 9.281 (3)

«, deg 93.27 (4)

8, deg 90.83 (4)

v, deg 103.61 (4)
cell vol, A3 1972.6 747.0
molecules/unit cell 4 2
p(caled), gem™3 0.93 1.66
u(caled), cm™? 1.46 66.43
radiatn Mo Ku Mo Ko
max cryst dimens, mm 0.35x 0.456x 0.10x 0.35 X

1.25 0.40
scan width, deg 0.80 + 0.20 0.80 + 0.20
tan 6 tan ¢
std reflctns 060, 004 400, 060, 003
decay of stds
refletns measd 2117 2652
26 range, deg 4-50 4-50
refletns obsd (I > 30(I)) 975 2125
no, of parameters varied 84 118
GOF 1.70 2.02
R, 0.086 0.077
R, 0.089 0.081

solution of the 2:1 complex was obtained with no layering effect
having been observed. Crystals suitable for X-ray analysis were
obtained directly via crystallization.

X-ray Data Collection and Structure Solution for [N(C-
H;),J[Al;(CH;3)¢CH;COO]. A single crystal of [N(CHj),][Al,-
(CH3)¢CHCOO] suitable for X-ray analysis was sealed in a
thin-walled glass capillary prior to X-ray data collection. Final
lattice parameters as determined from 15 high-angle reflections
(8 > 20°) carefully centered on an Enraf-Nonius CAD-4 dif-
fractometer are given in Table I. Intensity data were collected
on the diffractometer in a manner similar to that previously
described.® A summary of data collection parameters is given
in Table I. The intensities were corrected for Lorentz and po-
larization effects but not for absorption (¢ = 1.46 cm™). Sys-
tematic absences narrowed space group selection to either the

(6) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood,
dJ. L.; Hunter, W. E, J. Chem. Soc., Dalton Trans. 1979, 46.

0276-7333/82/2301-1179801.25/0 © 1982 American Chemical Society
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Table III. Final Fractional Coordinates for

Rb[Ga,(CH,),CH,CO0]

atom x/a v/b z/c

Rb 0.4902 (2) 0.7037 (2) 0.6158 (1)
Ga(1) 0.5746 (2) 0.7420 (1) 0.2024 (1)
Ga(2) 0.0346 (2) 0.2160(2) 0.2860 (2)
0O(1) 0.418 (1) 0.5839 (9) 0.3066 (9)
0(2) 0.2329 (9) 0.3833(9) 0.316 (1)
C(1) 0.516 (2) 0.720 (2) -0.007 (1)
C(2) 0.757 (2) 0.668 (2) 0.263 (2)
C(3) 0.543 (2) 0.933 (2) 0.298 (2)
C(4) -0.100(2) 0.292 (2) 0.427 (2)
C(5) 0.132(2) 0.055 (2) 0.343 (2)
C(6) -0.018 (3) 0.211(2) 0.076 (2)
C(7) 0.282 (1) 0.515 (1) 0.276 (1)
C(8) 0.178 (2) 0.587 (2) 0.187 (2)

Table II. Final Fractional Coordinates for
[N(CH,),][AL(CH,),CH,COO0]

atom x/a y/b z/c
Al(1) 0.3937 (3) 0.7500 ~0.0332 (2)
Al(2) 0.8210 (3) 0.7500 0.1700 (2)
0(1) 0.5580 (6) 0.7500 0.0114 (4)
0(2) 0.7162 (7) 0.7500 0.0884 (3)
N -0.0895 (8) 0.7500 -0.1212 (4)
C(1) 0.598 (1)  0.7500 0.0755 (5)
C(2) 0.500(1)  0.7500 0.1311 (6)
C(3) 0.437 (1)  0.7500 —0.1334 (7)
C(4) 0.3036 (8) 0.9086 (7) —0.0019 (5)
C(5) 0.996 (1) 0.7500 0.1318 (6)
c(6) 0.7789 (9)  0.5894 (8) 0.2204 (4)
C(7)e 0.027 (3)  0.7500 ~0.160 (2)
c(7y ~0.016 (5)  0.643(5)  —0.156 (3)
C(8) -0.093 (4)  0.7500 -0.047 (2)
c(8Y ~0.072(4)  0.848 (5)  —0.070 (2)
C(9) -0.179 (5)  0.862(5)  —0.148(2)
c(9y ~0.201(68)  0.7500 ~0.150 (3)
H(1)[C(2)] 0.404 0.750 0.113
H(2)[C(2)] 0.523 0.814 0.163
H(3)[C(3)] 0.359 0.750 -0.177
H(4)[C(3)] 0.498 0.835 -0.150
H(5)[C(4)] 0.229 0.894 0.044
H(6)[C(4)] 0.265 0.952 -0.038
H(7)[C(4)] 0.364 0.961 0.020
H(8)[C(5)] 1.080 0.750 0.174
H(9)[C(5)] 1.002 0.828 0.098
H(10)[C(6)] 0.752 0.513 0.199
H(11)[C(8)] 0.703 0.592 0.250
H(12)[C(8)] 0.845 0.568 0.246

¢ Carbon atoms of the disordered cation have occupancy
factors of 0.333.

centrosymmetric Pnma or noncentrosymmetric Pn2;a. Pnma
was initially chosen and was shown to be correct by the successful
refinement of the data.

The structure was solved by application of the direct methods
program MULTAN.” Inspection of a difference Fourier map based
on all non-hydrogen atoms excluding the carbon atoms of the
cation revealed disorder of the tetramethylammonium ion. Peaks
corresponding to carbon atoms were found on and off the mirror
plane for each carbon position. If no disorder were present, there
would be two independent carbon atoms in the mirror plane and
one off. Instead, three peaks were found in the mirror plane (2)

* . L]
N
* * *
2 3

and three above and three below (3), all with approximately the
same height. This can be accounted for with reference to equal
contributions from 4-6. Therefore each carbon atom out of the

C ¢ c C
¢ >< c —</ c
c \
¢ c e ©
4 5 6
mirror plane is in fact present one-third of the time (fraction X

multiplicity) = occupancy factor: (1/3)(1) = 0.333), and each
carbon atom on the mirror is actually present two-thirds of the

(7) By G. Germain, P. Main, and M. M. Woolfson. Other crystallo-
graphic programs used on a UNIVAC 1110 include ORFFE (distances and
angles with esd's, by W. R. Busing, K. O. Martin, and H. A. Levy),
FOURIER (Fourier synthesis, D. J. Hodgon'’s version of Dellaca and Rob-
inson’s program), ORTEP (thermal ellipsoid drawings, by C. K. Johnson),
and SHELX (Fourier synthesis and least-squares refinement, by G. Shel-
drick).

time (2/3)(0.5) = 0.333). Occupancy factors for each of the six
disordered positions were assigned as 0.333. Refinement in the
noncentrosymmetric space group, Pn2,a, resulted in a higher R
factor and high correlations between the parameters of the anion
not in the plane. Several cycles of refinement of the positional
and isotropic thermal parameters of the non-hydrogen atoms
afforded a reliability index of Ry = 3_(|F | - |F.|)/ XIF,| = 0.121.
Conversion to anisotropic thermal parameters and further re-
finement gave R; = 0.090. The hydrogen atom positions of the
anion were determined from a difference Fourier map and were
not refined. More cycles of refinement led to final values of R
= 0.086 and R, = {Sw(|F,| - |[F))?/ Z|F,/4'/% = 0.089. The largest
parameter shifts in the final cycle of refinement were less than
0.1 of their estimated standard deviations for the anion and the
nitrogen atom. The final difference Fourier showed no feature
greater than 0.4 e/A%. The standard deviation of an observation
of unit weight was 1.70. Unit weights were used at all stages;
no systematic variation of w(|F | — |F|) vs. |F,| or (sin ) /A was
noted. The function w(|F,| ~ |F)* was minimized.” Neutral atom
scattering factors were taken from the compilations of Cromer
and Waber® for Al, N, and C. No corrections were made for
anomalous dispersion.® Scattering factors for H were taken from
ref 10. The final fractional coordinates are given in Table II.
The final values of the thermal parameters are given in the
supplementary material.!!

X-ray Data Collection and Structure Solution for
Rb[Ga,(CH,;)(CH;COO]. A single, platelike crystal of the col-
orless, air-sensitive compound was sealed in a thin-walled capillary.
Final lattice parameters as determined from a least-squares re-
finement of the angular settings of 15 reflections (6 > 15°) ac-
curately centered on the diffractometer are given in Table I. The
data collection procedures were identical with those of [N(C-
Hj),][Al,(CH3)¢COO] (Table I). The structure was solved by
application of MULTAN and, after correction for absorption, was
refined to final values of R; = 0.074 and R, = 0.081. All non-
hydrogen atoms were refined with anisotropic thermal parameters,
and hydrogen atoms could not be located. The largest parameter
shifts in the final cycle of refinement were less than 0.01 of their
estimated standard deviations. The final fractional coordinates
are given in Table ITI. The final values of the thermal parameters
are given in the supplementary material.!!

Discussion

The structures and atom numbering schemes of the
[My(CH;)¢CH3COO]" anions are presented in Figure 1.
The anion for M = Al lies on a crystallographic mirror
plane containing Al(1), Al(2), O(1), 0(2), C(1), C(2), C(3),
and C(5). The two independent Al atoms are tetrahedrally
coordinated with Al-C distances ranging from 1.93(1) to
1.965(8) A (Table IV). Table V, which gives a survey of
related distances, shows that the aforementioned bond

(8) Cromer, D. T.; Waber, J. T. Acta Crystallogr. 1965, 18, 104.

(9) Cromer, D. T.; Liberman, J. T. J. Chem. Phys. 1970, 53, 1891.

(10) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1962; Vol. 3.

(11) See paragraph at the end of paper regarding supplementary ma-
terial.
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Figure 1. Structure of the [M,(CH;)sCH3COO]" anions with the
atoms represented by their 50% probability ellipsoids for thermal
motion: (a) M = Al;, (b) M = Ga.

Table IV. Bond Lengths (A ) and Bond Angles (Deg) for
[N(CH,),]1[Al,(CH,),CH,CO0]

Bond Lengths

Al(1)-0(1) 1.874(7) Al(2)-O(2) 1.868 (8)
Al(1)-C(3) 1.93(1) Al(2)-C(5) 1.93(1)
Al(1)-C(4) 1.965(8) Al(2)-C(6) 1.953(8)
C(1)-0(1) 1.27 (1) C(1)-0(2) 1.23 (1)
C(1)-C(2) 1.44 (2)

N-C(7Y 1.49 (5) N-C(7) 1.39 (3)
N-C(8) 1.43 (5) N-C(8) 1.40(4)
N-C(9) 1.26 (6) N-C(9) 1.55 (5)

Bond Angles
103.4 (5) O(2)-Al(2)-C(5)
O(1)-Al(1)-C(4) 106.6(3) O(2)-Al(2)-C(6) 105.7(3)
C(3)-Al(1)-C(4) 113.5(3) C(5)-Al(2)-C(6) 112.6(3)
C(4)-Al(1)-C(4)® 112.5(5) C(6)-Al(2)-C(6)* 115.8 (b)

0(1)-Al(1)-C(3) 103.1 (4)

Al(1)-0(1)-C(1) 135.1(7) Al(2)-0(2)-C(1) 136.3 (7)
O(1)-C(1)-0(2) 119.9 (9) O(1)-C(1)-C(2) 118 (1)
0(2)-C(1)-C(2) 122(1) = C(7)-N-C(8) 123 (2)
C(7)-N-C(9) 110 (2) C(8)-N-C(9) 108 (2)
C(7)'-N-C(9)® 96 (3) C(7)-N-C(8Y 141 (3)
C(7) -N-C(9)’ 106 (3) C(8)-N-C(9) 114 (2)
C(7) -N-C(7) @ 96 (4) C(8Y-N-C(8Y9 94 (4)

@ Atoms related to those in Table Il by (x, ¥, — ¥, 2).

lengths are typical for a compound of this type. The Al-O
distances of 1.874 (7) and 1.868 (8) A are also within the
previously observed range®!>!* and are, as might be ex-
pected, longer than the 1.83 (1) A observed for the 1:1
adduct.” Bond angles around the aluminum atoms are
consistent with a slightly distorted sp®-hybridized tetra-
hedron, and the angles and distances within the rest of the
anion are consistent with the type of delocalized bonding
observed in organic acetates.

The bond lengths and angles associated with the tetra-
methylammonium cation have large esd’s because of the
disorder, but the closest approach of the anion to the

(12) Hrneir, D. C.; Rogers, R. D.; Atwood, J. L. J. Am. Chem. Soc.
1981, 103, 4277.

(13) Rogers, R. D.; Atwood, J. L., unpublished results.

](14} Rogers, R. D.; Crissinger, K. D.; Atwood, J. L., unpublished re-
sults.
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Table V. Comparison of Aluminum-Carbon and
Aluminum-0Oxygen Distances (A ) in Adducts Which
Contain (CH, ), Al-O Linkages

compd Al-C Al-O ref
[N(CH,),][Al{CH,),- 202(2) 1.83(1) b5
CH,COO]
[K-DB-18-C-6][Al,(CH,),- 1.97(1) 1.85(1) 12

0,]-1.5benzene? 1.87 (1)
[N(CH,), ] [Al,(CH,),- 1.95(2) 1.868 (8) this
CH,COO 1.874 (7) study
K,[Al,(CH,),,S0,] 1.96 (3) 1.886(9) 13
0.5p-xylene 1.889 (9)
1.89 (1)
1.977 (9)
[K-DB-18-C-6][Al(CH,),- 1.96(1) 1.92(1) 14
NO,]-0.5benzene
K[Al(CH,),NO, | 1.97 (1) 1.930(6) 4
K[AL,(CH,),NO,] 1.99 (6) 1.95(5) 4
2.01(5)

4 PDB-18-C-6 = dibenzo-18-crown-6.

Table VI. Comparison of Gallium-Carbon and
Gallium-0Oxygen Distances (A ) in Adducts Related
to the Title Compounds

compd Ga-C Ga-0 ref
CH,Ga(CH,C00), 1.946 (3) 1.873(3) 15
2.086 (3)
[(CH,),NCH,CH,0GaH, ], 1.911(3) 16
2.063 (3)
[(CH,),NCH,CH,0Ga- 1.961 (4) 1.913(3) 16
(CH,), ], 2.078(3)
[C,H,0,-Ga(CH,), ], 1.939 (1) 1.927(3) 17
2.120 (3)
Ga(CH,C00), 1.941(7) 18
1.964 (6)
[CH,N(CH,CH,0),GaH], 1.960 (8) 19
2.018 (2)
[(CH,),Ga],C,0, 1.941(5) 2.051(7) 20
2.124 (9)
Rb[Ga,(CH,),CH,CO0O] 2.00(1) 2.068(8) this
2.070(8) study

nitrogen atom of the cation is greater than 3.5 A. A ste-
reoscopic view of the cell packing is given in Figure 2.

The anion for M = Ga has the same overall geometry
as its aluminum-based counterpart; this is important since
both are therefore different in conformation to the [Al,-
(CH4)gNO,]™ anion.* (The reasons for this are discussed
subsequently at a later part of this paper.) The only major
difference may be seen with regard to the metal atom
placement relative to the plane of the acetate ion. For the
trimethylaluminum complex, the two Al atoms lie in the
crystallographic mirror plane which contains the acetate
group. For the trimethylgallium complex, Ga(1) and Ga(2)
lie 0.78 and 0.13 A, respectively, out of the acetate plane.
(Both are on the same side of the plane.)

The Ga-O distances of 2.068 (8) and 2.070 (8) A and the
Ga-C distances of 1.98 (2)-2.01 (1) A are compared with
related organogallium compounds in Table VI. They are
amongst the longest yet observed,'*?° but they are on the
same order as those in [(CHj)sGa]sCy0,,% which is perhaps
the nearest analogue amongst previously determined or-
ganogallium—oxygen moieties. The other bond distances

(15) Hausen, H. D.; Sille, K.; Weidlen, J.; Schwartz, W. .J. Organomet.
Chem. 1978, 160, 411.

(16) Rettig, S. J.; Storr, A.; Trotter, J. Can. J. Chem. 1975, 53, 58.

(17) Rettig, S. J.; Storr, A.; Trotter, J. Can. J. Chem. 1976, 54, 1278,

(18) Dymuck, K.; Palenik, G. J. Acta Crystallogr. 1974, 830, 1364.

(19) Rettig, S. J.; Storr, A.; Trotter, J. Can. J. Chem. 1974, 52, 2206.

(20) Hausen, H. D.; Mertz, K.; Weidlen, J. .J. Organomet. Chem. 1974,

67, 7.
(21) Atwood, J. L.; Newberry, W. R. J. Organomet. Chem. 1974, 65,
145.
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Zaworotko, Rogers, and Atwood

Figure 2. Stereoscopic view of the cell packing for [N(CHj)4][Al;(CH3)sCH3COO] with the disordered cations represented by the line

bonds to the carbon atom positions.
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Figure 3. Cation environment in Rb[Ga,(CH,;)¢CH;COO].

and angles, as given in Table VII, are consistent with the
same hybridization scheme as that for the aluminum
analogue.

The closest contacts to the rubidium cation are 2.861
(4) and 3.021 (4) A and arise from the oxygen atoms of the
acetate. A view of the cation environment is given in

B
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Table VII. Bond Lengths (A ) and Angles (Deg) for
Rb{Ga,(CH,),CH,COO0]

Bond Lengths

Ga(1)-O(1) 2.068 (8) Ga(2)-0(2) 2.070 (8)
Ga(1)-C(1) 1.99(1)  Ga(2)-C(4) 2.00(2)
Ga(1)-C(2) 2.00(2)  Ga(2)-C(5) 1.98(2)
Ga(1)-C(3) 2.01(1) Ga(2)-C(6) 1.99 (2)
O(1)-C(7)  1.26(1)  O(2)-C(7)  1.27(1)
C(7)-C(8)  1.53(2)

Bond Angles
0O(1)-Ga(1)-C(1) 108.0 (5) 0O(2)-Ga(2)-C(4) 99.

0(1)-Ga(1)-C(2) 94.8 (5)
0(1)-Ga(1)-C(3) 101.7 (5)
C(1)-Ga(1)-C(2) 117.5 (7)

0(2)-Ga(2)-C(5) 94.
0(2)-Ga(2)-C(6) 104.

9 (6
6 (5
6 (7
C(4)-Ga(2)-C(5) 118.5 (8
3(1
8 (9
6 (8
1(1

(
C(1)-Ga(1)-C(3) 112.2 (6) C(4)-Ga(2)-C(6) 118.
C(2)-Ga(1)-C(3) 118.9 (7) C(5)-Ga(2)-C(6) 114.
C(7)-0(1)-Ga(1) 182.9 (8) C(7)-0(2)-Ga(2) 136
0(1)-C(7)-0(2) 119.7 (11) O(2)-C(7)-C(8) 120 )
0(1)-C(7)-C(8) 120.2 (11)

Figure 3, and a stereoscopic view of the cell packing is given
in Figure 4.

The conformations that are possible for anions of this
nature are given schematically in Figure 5: the title com-
pounds fall into category A. It is evident that type C is
precluded because of the steric interactions that would
prevail amongst the M(CHy); units: however, it is not
obvious immediately why the B conformation is not found,
since it would minimize M(CHj,);—methyl(acetate) steric
repulsions and it is also the type preferred by the related
[A12(0H3)6N03]_ anion.*

It is believed that A is favored primarily due to packing
considerations, particularly after noting the relatively close

2y

L)

R C

C‘

Figure 4. Stereoscopic view of the unit cell packing for Rb[Ga,(CH,;)sCH;COO].
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Figure 5. Possible conformations for the [M,(CH,4)¢CH;COO]~
anions.

Table VIII. Comparison of Distances (& ) within
the (CH, ),M-0O Unit

M
Al Ga increase
M-O(av) 1.871 (4) 2.069 (1) 0.20
M-C(av) 1.94 (2) 2.00 (1) 0.06
covalent 0.50 0.62 0.12

radius? M3+

% Cotton, F. A.; Wilkinson, G, ‘““Advanced Inorganic
Chemistry”’; 4th ed.; Interscience: New York, 1980; p 14.

Rb-0O nonbonded interactions in the gallium analogue.
Evidence of a small degree of strain in the anions is
manifested by the wide C-0-M angles of 135.1 (7) and
136.3 (7)° for the aluminum and 132.9 (8) and 136.6 (8)°
for the gallium derivatives. The corresponding angle in

[AL(CH3)¢NO;]™ is 129 (5)°. The possibility that the
driving force could be the greater delocalization in A over
that in B cannot be ruled out.

Another feature of interest in the anions is the relative
M-0 and M-C distances. As can be seen from Table VIII
a bond lengthening on the order of 0.12 A as one progresses
from Al to Ga might be expected on the basis of ionic radii.
In fact, however, it is seen that the M-O distances show
a larger than expected increase of 0.20 A and that the M—C
distances give a considerably smaller increase of 0.06 A.
A similar effect is seen in the M-N distances in the [M-
(CH,);NCS]~ anions.® Clearly the group 3 congeners ex-
hibit different bonding patterns which cannot easily be
predicted. Further comparative studies are therefore in
order.
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The new ethylplatinum complexes [PtEt,(dppm)], [PtCIEt(dppm)], [PtoEty(u-H)(u-dppm),][SbF,] (IIb),
and [Pt,Et;(u-dppm),][SbFg] (Ib) have been prepared and characterized (dppm = Ph,PCH,PPh,). Of
particular interest is the facile reaction of Ib to give IIb and ethylene in solution, which is formally a binuclear
B-elimination process. Reaction of [Pt(CH,CD3),(dppm)] with H[SbF¢] gave the analogue of Ib in which
scrambling of H and D within the ethyl groups had occurred, while thermolysis of a mixture of Ib and
[Pt,(CDyCD3)3(u-dppm),][SbFg] (Ic) gave C,H, and C,D, as volatile products. Thermolysis of Ib in
1,2-dichloroethane, acetone, or acetonitrile followed first-order kinetics, and the reaction was not retarded
by added dppm. From consideration of the Arrhenius parameters for thermolysis of Ib and from the low
isotope effect on the rate of thermolysis of Ic, it is argued that neither the 8 elimination nor the ethylene
dissociation step is rate-determining in the thermolysis of Ib.

Introduction

Platinum metal is an important catalyst, for example,
in alkene hydrogenation, and efforts have been made to
model reactions proposed to occur in such catalysis by
study of discrete platinum complexes. The insertion of
ethylene into a Pt—H bond or the reverse 3 elimination of
ethylene from an ethylplatinum group have been studied
in great detail in mononuclear platinum complexes.?™*
Binuclear platinum complexes should be better models
(although still highly imperfect) for a platinum surface,
since it is then at least possible that cooperative effects
involving both platinum atoms may be involved in the

(1) (a) University of Western Ontario. (b) University of Liverpool.

(2) McCarthy, T. J.; Nuzzo, R. G.; Whitesides, G. M. J. Am. Chem.
Soc. 1981, 103, 1676, 3396.

(3) Thorn, D. L., Hoffman, R. J. Am. Chem. Soc. 1978, 100, 2079.

(4) Attig, T. G.; Clark, H. C.; Wong, C. S. Can. J. Chem. 1977, 55, 189.

organometallic reactions, as is often proposed to occur in
surface catalysis.> However, no reactions of alkenes with
binuclear platinum hydrides or §-elimination reactions
from binuclear alkylplatinum complexes have been re-
ported.®” In this article a new triethyldiplatinum(II)
complex cation, [PtyEt;(u-dppm),]* (dppm =

(5) Muetterties, E. L. Catal. Rev.—Sci. Eng. 1981, 23, 69.

(6) Reactions of alkynes with binuclear platinum hydrides have been
studied. Puddephatt, R. J.; Thomson, M. A. Inorg. Chim. Acta 1980, 45,
1.281; Inorg. Chem., in press. Also, reactions of alkenes and alkynes with
cluster hydrides such as [OS;H,(CO);4] have been known for some time.
Deeming, A. J.; Underhill, M. J. Chem. Soc., Dalton Trans. 1974, 1415,
Muetterties, E. L.; Rhodin, T. N.; Band, E.; Bruker, C. F.; Pretzer, W.
R. Chem. Rev. 1979, 79, 91.

(7) 8 Elimination has been noted in binuclear ethylmolybdenum com-
plexes. Chisholm, M. H.; Haitko, D. A.; Murillo, C. A. J. Am. Chem. Soc.
1978, 100, 6262. Chisholm, M. H.; Haitko, D. A. Ibid. 1979, 101, 6784.
Chetcuti, M. J.; Chisholm, M. H.; Folting, K.; Haitko, D. A.; Huffman,
J. C. Ibid. 1982, 104, 2138.
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surface catalysis.> However, no reactions of alkenes with
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Ph,PCH,PPh,) is reported together with a study of its
thermal decomposition to the cation [PtyEt,(u-H)(u-
dppm),]* and ethylene.

Results and Discussion

Synthesis and Characterization of [Pt Et;(u-
dppm),]*. In previous articles, the complex cations
[PtoMey(u-dppm),]* (Ia) and [Pt;Mey(u-H)(u-dppm),]*
(ITa) were reported.®® Cation ITa was formed, for example,
by reaction of Ia with sodium borohydride, while Ia could
be prepared by reaction of [PtMe,(dppm)] with an acid
having a poorly coordinating anion (eq 1, R = Me).

[PtoR(u-dppm),]* X~ (1)
Ia, R = Me, X = PF,, SbF,, CIO,
Ib, R = Et, X = SbFy

It was suggested that the structure and spectroscopic
properties of Ia were best interpreted in terms of the
presence of a Pt"—Pt!" donor-acceptor bond®!® whereas
IIa, like other binuclear platinum hydrides,!! has a bridging
hydride ligand.

A A 8 e
R\ /P HT P
ety
Pt ——= PP—Rg" A Pl
RA/ \P“ F|'B éi______,rf
e
Ia, R = Me Ila, R = Me
Ib, R = Et IIb, R = Et

The complexes [PtEt,(dppm)] (III) and [PtCIEt(dppm)]
(IV) were prepared by standard methods and were char-
acterized as monomers by the 'H and 3'P{'H} NMR spectra
(Experimental Section). For example, the *'P{'"H} NMR
spectrum of complex IV consisted of an [AB] quartet with
satellites of one-fourth intensity due to coupling with %Pt
and with coupling constants similar to those for the known
[PtCIMe(dppm)].1>13 Complex IV rearranged in solution
to [Pty(u-C)Ety(u-dppm),]Cl, characterized in solution by
the 'H and *P{'H} NMR spectra, in a reaction exactly
analogous with that of [PtCIMe(dppm)].!2

Reaction of III with H[SbFg] gave the desired complex
Ib, according to eq 1. Isolation of Ib in pure form is not
easy, since it decomposes in solution, and rapid, careful
workup of the reaction mixture is essential. The complex
is a yellow solid, which is stable for several months when
stored as a solid in the dark but which decomposes in
solution in a few days at room temperature.

The *'P{'H} NMR spectrum of Ib (Figure 1) closely re-
sembles that of Ia, which has been analyzed in detail and
is very characteristic of the unusual structure.® The 'H
NMR spectrum (Figure 2) is fully consistent with structure
Ib. The ethyl group bound to Pt® (structure I) gives the
expected features, but the resonances due to the EtPt*

(8) Brown, M. P.; Cooper, S. J.; Frew, A. A.; Manojlovié-Muir, Lj.;
Muir, K. W_; Puddephatt, R. J.; Seddon, K. R.; Thomson, M. A. Inorg.
Chem. 1981, 20, 1500.

(9) Brown, M. P.; Cooper, S. J.; Frew, A. A.; Manojlovié-Muir, Lj.;
Muir, K. W.; Puddephatt, R. J.; Thomson, M. A. J. Organomet. Chem.
1980, 198, C33.

(10) Banecroft, G. M.; Chan, T.; Puddephatt, R. J.; Brown, M. P. Inorg.
Chim. Acta 1981, 53, L119.

(11) Bonding in these electron-deficient “A-frame” complexes has been
discussed by: Hoffman, D. M.; Hofmann, R. Inorg. Chem. 1981, 20, 3543.

(12) Cooper, S. J.; Brown, M.P,; ; Puddephatt, R. J. Inorg. Chem. 1981,
20, 1374,

(13) Appleton, T. G.; Bennett, M. A.; Tomkins, I. B. J. Chem. Soc.,
Dalton Trans. 1976, 439.
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Figure 1. *P{'H} NMR spectra at 36.2 MHz. (a) Freshly pre-
pared solution of Ib in CH,Cl,. The satellites due to 'J(PtP)
coupling are indicated below, and the spectrum was accumulated
fromt = 0tot0.22 h. (b) Spectrum accumulated from the same
solution between 4.54 and 5.56 h after preparation. The new
singlet is due to IIb, and the J(PtP) coupling is indicated below.
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Figure 2. 'H NMR spectrum (400 MHz) of complex Ib in the
EtPt region. Inset shows the MeCH,Pt® resonance on a different
scale from the remainder of the spectrum.

groups are more complex. The complexity arises as a result
of the absence of a plane of symmetry containing an EtPtA
bond, and the methylene protons of a given ethylplatinum
group are therefore nonequivalent. The two complex
resonances, for which individual lines have not been as-
signed, at ¢ 1.35 and 1.75 are due to these methylene
protons. The observed nonequivalence of the CH,P,
protons of the dppm ligands arises for a similar reason.!?
These results show that the molecule is not fluxional. Thus
neither exchange of ethyl groups between platinum centers
(which would render all ethyl groups equivalent) nor re-
versible cleavage of the Pt*Pt® bond (which would render
equivalent the MeCH,Pt* and CH,P, protons) occurs
rapidly on the NMR time scale.

Decomposition of [Pt;Et;(u-dppm),]*. Preliminary
experiments showed that, when complex Ib was exposed
to light either as a solid or in dichloromethane solution,
the gaseous products were ethylene and ethane in ap-
proximately equal amounts. However, the slower thermal
decomposition in dichloromethane solution in the dark
gave only ethylene as gaseous product, and the complex
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[PtoEto(u-H) (u-dppm),] [SbFg] (ITb) could be isolated from
the solution.

Complex IIb is thermally stable, but it was decomposed
on exposure to light, giving ethylene and ethane in ap-
proximately 1:2 molar ratio when the solid was irradiated
and ethane only when a solution in dichloromethane was
irradiated. The structure of IIb was determined from the
'H and %'P{H} NMR spectra, by comparison with the
spectra of IIa which has also been characterized by X-ray
crystallography.” The 'H NMR signals due to the Pt,(u-H)
and the CH,P, groups each appeared as 1:8:18:8:1 quintets
due to coupling with 1%Pt, confirming the bridging nature
of these groups.>'? The expected resonances due to the
ethylplatinum groups were observed, and the 3'P{'H} NMR
spectrum was very similar to that of Ila (Figure 1).

Further experiments were carried out to determine the
stoichiometry of the reaction. First, solutions of Ib in
CH,CI, or CD,Cl, in sealed NMR tubes were allowed to
stand in the dark for 2 weeks. At the end of this period,
the 3'P{!H} and 'H NMR spectra showed only peaks due
to IIb (and ethylene), indicating that reaction occurred
cleanly within the limits of detection of other products by
NMR. In another experiment, analysis of ethylene by gas
chromatography was made. A sample of Ib, shown to
contain ~10% impurity of IIb, gave an 83% yield of
ethylene in 4 days at room temperature in dichloromethane
solution. The true yield of ethylene is thus over 90%, but
experimental inaccuracy in ethylene determination and the
uncertainty in the extent of impurity of IIb present in the
initial sample have frustrated attempts to show unequiv-
ocally that ethylene formation is quantitative. The reac-
tion is thus described by eq 2 and is probably quantitative.

Ib —IIb + C,H, )

Complex IIb is remarkably stable to further 8 elimina-
tion; the solid can be heated to 100 °C and solutions heated
under reflux in benzene without decomposition, provided
light is excluded. Reaction 2 is not reversible under normal
conditions. Thus, no reaction occurred on treating ITb with
ethylene at pressures from 1 to 10 atm at room tempera-
ture or at 60 °C.

Mechanistic Studies

The reaction of eq 2 is unique in platinum chemistry,
since dialkylplatinum(II) complexes usually give plati-
num(0) species, alkene, and alkane on decomposition.? The
thermal stability of IIb is probably due to the fact that the
ethyl and hydrido groups are mutually trans so that re-
ductive elimination of ethane cannot occur. Although the
complex is formally electron deficient, the Pty(u-H)
grouping is robust and the complex does not show prop-
erties expected for a coordinatively unsaturated complex
(vide infra). Hence further 3 elimination does not occur
easily, and complex Ilb is stable to both reductive elimi-
nation and § elimination. Reaction 2 is therefore clearly
suitable for mechanistic studies.

Three possible mechanims of reaction are shown in
Scheme I. In mechanism A the § elimination involves the
EtPtB group to give an intermediate (V)4 and an ethyl
group transfer!® and dissociation of ethylene are then
needed to give IIb. In mechanism B the 8 elimination
occurs at Pt4, but the Pt—H group would be formed trans

(14) A trans to cis rearrangement of the Pt®P, unit is probably nec-
essary to create a vacant site cis to the ethyl group.?*

(15) Intermolecular transfer of alkyl groups between platinum centers
in mononuclear complexes occurs readily if the acceptor platinum center
has a vacant site or loosely bound ligand. Puddephatt, R. J.; Thompson,
P. J. J. Chem. Soc., Dalton Trans. 1977, 1219.
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Figure 3. UV-visible spectra recorded during the decomposition
of Ib (10* M solution) to IIb in acetone at 45 °C. Absorbance
decreases with time and spectra (a—1) were recorded after 3, 10,
21, 31, 40, 50, 60, 80, 100, 120, 140, and 180 min.

to the Pt-Pt bond and an intramolecular rearrangement
would be needed as shown to give IIb. Mechanism C is
the only truly binuclear 8-elimination process. In this
mechanism dissociation of the PtPt bond allows the
electron-deficient PtB to act as an acceptor for the 5-hy-
dride of an EtPtA group, and then ethylene dissociation
from an intermediate (VIII or VI) gives the product.

Our studies were aimed at determining whether the
reaction was an intra- or intermolecular process, whether
or not the rate-determining step was the $-elimination
reaction, and whether or not the 8 elimination was a true
binuclear process. It will be seen that the first two
questions were answered but the third was not.

Kinetic studies of the decomposition of Ib in solution
were carried out by using both 3P{'H} NMR spectroscopy
and UV-visible spectroscopy to monitor the reactions. The
NMR study was carried out in CH,Cl, solution at 30 °C,
estimating the concentrations of Ib or IIb by comparing
the peak height of a major peak of Ib or the central peak
of ITb with that of the reference compound. Graphs of
either In [Ib] or In {[IIb]=-[IIb]} vs. time gave good straight
line plots over at least 3 half-lives (»r = 0.999 and 0.991,
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Figure 4. First-order plots for decomposition of complex Ib: (a)
1,2-dichloroethane at 60 °C; (b) acetone at 50 °C; (c) acetone
at 40 °C; (d) 1,2-dichloroethane at 40 °C; (e) 1,2-dichloroethane
at 30 °C.
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Figure 5. Arrhenius plots for decomposition of complex Ib: (a)
1,2,-dichloroethane solution; (b) acetone solution.

respectively) and yielded the first-order rate constants 2.8
X 1075 and 2.9 X 107 571, respectively.

More complete kinetic data were obtained by using
UV-visible spectroscopy to monitor the reaction. A set
of spectra obtained during a typical kinetic run is shown
in Figure 3 and shows the decrease in absorbance over the
region 360-450 nm as the yellow Ib decomposes to the
almost colorless IIb. There are no crossover points in the
series of spectra, but, as a routine procedure, first-order
kinetic plots were drawn for absorbances at several
wavelengths in the 370-450-nm region. Good first-order
plots of In (A — A,) vs. time were obtained for all wave-
lengths, and the slopes showed good agreement. Thus,
although there were no isosbestic points, the reaction ap-
pears to occur cleanly without side reactions under the
UV-visible conditions. The spectrum at infinity agrees
well with that measured independently for pure IIb. As
further confirmation, the first-order rate constant obtained
at 30 °C in 1,2-dichloroethane was 3.0 X 107 57!, a result
very similar to that obtained by the NMR technique in
the silsnila;u solvent dichloromethane at 30 °C of (2.8~2.9)
X 1075 ¢71,

Typical first-order plots are shown in Figure 4 and Ar-
rhenius plots in Figure 5. The complete kinetic data are
given in Table I, and the following points may be noted.

(a) The first-order rate constants at 50 °C follow the
sequence for solvent MeCN (0.51 X 1073 s7!) > acetone
(0.44 X 1073 g71) > CH,CICH,Cl (0.28 X 1073 s71). This is
the order of solvent polarity and of coordinating power for
platinum, but the range is small. There may be a slightly
greater degree of polarity in the transition state than in
the ground state, but the range is too small for it to be
likely that direct solvent coordination is involved in the
transition state. The Arrhenius plot (Figure 5) shows that
the rate in CH,CICH,C] would exceed that in acetone at
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Table I. Kinetic Data for Decomposition of Ib and Ic

complex solvent T/°C 10%k/s™1
Ib CH,CICH,C]¢ 30 0.301
40 1.00
50 2.81
60 7.23
Ib (CH,),CO?b 30 0.563
40 1.66°
45 2.67
50 4,36
Ib CH,CN 50 5.13
Ib CH,CICH,CI 48 2.20
Ic CH,CICH,Cl 48 2.11
Ib (CH,),CO 48 3.63
Ic (CH,),CO 48 3.14
Ib (CH,),CO 50 4.58¢
Ih (CH,),CO 50 5.064

@ E, = 88kJ mol ';log A = 10.7; AS¥(300 K) = —41J
K'! mol™!, b E, =81 kJmol *;logA =9.7; AS*(SO() K)
=-59JK™! mol™. ¢ [dppm] =6.0x 10™* M.

4 [dppm] = 1.5 x 107% M.

high temperature.

(b) Addition of free dppm causes a slight acceleration
in the rate of reaction. However, the effect is again small,
and it has not been studied in detail. It is possible that
an additional mechanism involving phosphine attack on
Ib is possible in the presence of free phosphine. The ex-
periment indicates strongly that phosphine dissociation
as a preliminary step to the § elimination is not operative.
This situation may be compared with the thermolysis of
[PtEt,(PEt,),] for which, in the absence of free phosphine,
the rate-determining step involves dissociation of a
phosphine ligand and for which the rate of thermolysis is
strongly retarded in the presence of free phosphine.? The
binuclear and mononuclear systems are quite different in
this respect.

(c) The isotope effects, ky/kp, obtained by comparison
of the rates of thermolysis of Ib and [Pty(CyDg)s(u-
dppm),}[SbFg] (Ic), were 1.1 in acetone and 1.0 = 0.1 in
1,2-dichloroethane solution. These are very low values, and
it thus appears most unlikely that the §-elimination step
is rate determining.

(d) The Arrhenius parameters (small log A or substantial
negative AS*) are surprising for a reaction which is dis-
sociative overall. Such values would not be expected, for
example, if ethylene dissociation were rate determining.
The result could be explained if the platinum complex was
more ordered in the transition state than in the ground
state or if increased polarity in the transition state [see
a above] led to stronger and hence more ordered solva-
tion.!®

The above observation of simple first-order kinetics is
an indication but not proof that the 8 elimination is an
intramolecular reaction. However, taken together with the
observation that thermolysis of a mixture of Ib and Ic gave
C,H, and C,D, as the only volatile products, it is consid-
ered 1%lmost certain that the 8 elimination is intramolec-
ular.

Having shown that the $-elimination step is not rate-
determining, we wished to determine whether the slow step
occurred before or after the 8 elimination. This can, in

(16) However, there is one known case in which rate-determining
dissociation of alkyne from a five-coordinate platinum complex is asso-
ciated with a similar value for AS*. Chaudhury, N.; Puddephatt, R. J.
Inorg. Chem. 1981, 20, 467.

(17) The only other possiblity involves the sequence

Tb 2% [b* o Ih

irreversible

This is considered most improbable.
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Scheme 11

A +
(Pt Etaldppm)] + H

"CaHs

A + A + LCPtEt2(dppm)
CPt H(CaHg) (dppm)l == [Pt Et(dppm)] ——

“/:Pcaafg(dppm)z

.

+ B + A
CP?BH(C2H4)(dppm)] = [Pt Et dppm] + [Pt Etpldppm)]
-~ Ib

principle,? be determined by study of the complex [Pt,-
(CH,CD,)5(u-dppm),]*, but our attempted synthesis of this
from [Pt(CHyCDj);(dppm)] and H[SbF,] was unsuccessful.
Complete scrambling of the deuterium label had occurred
in the product, and this could occur prior to formation of
the labeled Ib as shown in Scheme IL.}* Similarly, our
attempts to prepare unsymmetrical derivatives needed to
determine whether 8 elimination involved an EtPt? or
EtPtB group were unsuccessful. For example, reaction of
[PtMe,(dppm)] with [PtClEt(dppm)] gave complex Ila
rather than the desired [Pt;Me,Et(u-dppm),]*; other at-
tempted reactions of this kind are mentioned in Experi-
mental Section.

Because the labeling experiments were unsuccessful, we
have not been able to distinguish between the mechanisms
A, B, and C of Scheme I. However, the results are useful
when compared to the mechanistic results of Whitesides
and co-workers for the thermolysis of mononuclear
ethylplatinum(II) complexes.? For all cases, it seems that
the B-elimination step itself is not rate determining.
However, while the rate-determining step for thermolysis
of cis-[PtEty(PEt;),] may involve either phosphine disso-
ciation (prior to 8 elimination) or reductive elimination of
ethane (after 8 elimination), neither of these steps is in-
volved in the thermolysis of the binuclear complex Ib.
Instead, the kinetic results for thermolysis of Ib and Ic are
most easily interpreted if an intramolecular isomerization
is rate determining. This could, for example, involve either
Pt-Pt bond cleavage (prior to 8 elimination) or an alkyl-
transfer reaction (after 8 elimination).

Further, this work illustrates the general problems which
may be expected in attempting to determine detailed or-
ganometallic reaction mechanisms in binuclear and poly-
nuclear complexes. In the only comparable work known
to us, Chisholm and co-workers have also been unable to
distinguish between a true binuclear 3-elimination mech-
anism and mechanisms in which the result leads to an
overall binuclear reaction but in which the actual 3-elim-
ination occurs at a single metal center, in studies of
[Mo,Et,(NMe,),].”

Experimental Section

General techniques have been described previously.®12 NMR
spectra were recorded by using Varian XL-100 or Bruker WP-400
spectrometers. Kinetic studies were carried out by using a Carey
118 spectrophotometer, and temperature was controlled by cir-
culating water of the required temperature through the cell
compartment.

CD;CD,Li. A solution of CD3CD,Br (2.5 g) in dry diethy! ether
(25 mL) was added dropwise to a suspension of Li powder (0.5
g) in diethyl ether (25 mL) over a period of 2 h. Gentle refluxing
was maintained by a warm water bath, and the mixture was
vigorously stirred. Stirring under reflux was continued for 2 h
after the addition of CD;CD,Br ceased. After the reaction, the
contents of the flask were allowed to cool down to room tem-
perature. The clear etheral solution of CD3CD,Li was obtained
by filtration under N,. Yield was determined by the removal of

Organometallics, Vol. 1, No. 9, 1982 1187

a 1-mL portion of clear solution, treatment with water, and ti-
tration with standard acid.

Solutions of CD;CH,Li were prepared in the same way from
CD;CH,Br.

[PtEt,(dppm)]. A solution of ethyllithium in ether (8 mL,
1.5 M) was added dropwise to a suspension of [PtCly(dppm)] (1.0
g, 1.54 mmol) in dry ether (15 mL) under an atmosphere of
nitrogen. After 1 h of stirring, the brown solution was hydrolyzed
with saturated aqueous NH,Cl solution (10 mL), the ether layer
was separated, the aqueous layer was extracted with CH,Cl,, and
the combined organic extracts were dried over MgSO,, filtered,
and evaporated to a low volume in a stream of N,. Addition of
several drops of MeOH followed by hexane gave a precipitate of
pure [PtEty(dppm)], which was recrystallised from CH,Cl,/
MeOH /hexane as an off-white solid: 0.62 g, 63%; S'P{*H} NMR
(CH,CL,) 5(*'P) -85.88 (}J(PtP) = 1281 Hz); 'H NMR (CD,Cl,)
8(CHj) 1.35 (m, %J(PtH) = 80 Hz), 5(CH,Pt) 1.62 (m, 2J(PtH) =
80 Hz), 6(CH,P,) 4.17 (t, 2J(PH) = 9.0 Hz, 3J(PtH) = 21.8 Hz).

[Pt(CD,CD;),(dppm)]. An etheral solution (40 mL) of
CD;3CD,Li (7.3 mmol) was added slowly (0.5 h) to a suspension
of PtCly(dppm) (0.59 g, 0.9 mmol) in diethyl ether (20 mL) at 0
°C. The yellow suspension was stirred for 2 h at 0 °C. Dry THF
(10 mL) was added to the yellow suspension which was then stirred
at room temperature for 1 h. Any excess CD;CD,Li was hydro-
lyzed at 0 °C by adding ice-cold saturated solution of NH,Cl. A
small amount of off-white solid residue was obtained. This was
filtered out, and the aqueous and etheral layers were separated.
The solid was then treated with CH,Cl, (~10 mL) to give a yellow
solution. This was conbined with the brown/red ether solution
and dried over MgSOy (1 h}. The solution was then filtered and
reduced in volume. Addition of n-hexane yielded a white pre-
cipitate which was washed with methanol and dried under vacuum;
vield 0.19 g, 33%; 'H NMR (CD,Cl,) §(CH,P,) 4.12 (3J(PH = 9.5
Hz, }J(PtH) = 21.8 Hz).

[Pt(CH,CD;),(dppm)]. This was prepared by the above
method by using CD;CH,Li: 'H NMR (CD,Cl,) (CH,Pt) 1.55
(br s, 2J(PtH) = 78 Hz), 6(CH2P%) 4.13 3J(PH) = 9.1 Hz, 3J(PtH)
= 21.5 Hz, CH; peak absent), 5(*1P) —35.86 (1J(PtP) = 1280 Hz).

[PtCIlEt(dppm)]. A solution of CH;COCI (0.12 g, 1.55 mmol)
in CH,Cl, (4.2 mL) was added over ~10 min at 20 °C with stirring
to [PtEt,(dppm)] (1.0 g, 1.55 mmol) in CH,Cl, (7 mL) and MeOH
(7 mL). The solution was stirred for an additional 10 min, the
solvent was evaporated in a stream of N,, and the product was
washed with benzene (3 mL) and recrystallized from CH,Cl,/
hexane as white crystals: 0.55 g, 54%; 3'P{'H} NMR (CH,Cl,)
8(°'P) -32.8 (trans to Et, }J(PtP) = 1076 Hz), -37.1 (trans to Cl,
1J(PtP) = 4138 Hz, %J(PP) = 37 Hz); 'H NMR (CD,Cl,) 6(CHj,)
0.99 (m, 3J(HH) = 7.6 Hz, *J(PH) = 12.2, 2.8 Hz, 3J(PtH) = 50
Hz), 6(CH,Pt) 1.56 (m, 3J(HH) = 7.6 Hz, %J(PH) = 7.6, 3.6 Hz,
2J(PtH) = 68 Hz), 8(CH,P,) 4.21 (3J(PH) = 10.8, 8.4 Hz, 3J(PtH)
= 45 Hz). Anal. Calcd for [PtCIEt(dppm)}: C, 50.4; H, 4.2; Cl,
5.5; P, 9.6. Found: C, 50.1; H, 4.1; Cl, 5.7; P, 9.4.

[Pt Ets(u-dppm),][SbF;]. A solution of [PtEty(dppm)] (0.71
g, 1.1 mmol) in CH,Cl, (8 mL) was added, with stirring, to
HSbF¢-6H,0 (0.285 g, 0.83 mmol) in a dry flask. The solution
immediately became deep orange in color. After 10 min, the
volume of solvent was reduced under a stream of nitrogen and
the product was precipitated as a yellow solid by addition of
MeOH (1 mL) and hexane (1 mL). Recrystallization from
CH,Cl,/MeOH /hexane gave pure [Pt,Et;(u-dppm),][SbF]-
CH,Cly: 0.55 g, 67%; 3'P{'H} NMR (CH,Cl,) 5(P4) 25.43 (}J-
(PtAPA) = 1310 Hz, PA trans to Et), §(PB) 22.72 (!J(PtBPB) = 3180
Hz, PB trans to P, 2J(PtAPB) = ~30 Hz, 2J(PtBPA) = ~30 Hz,
J(PAPB) = 50 Hz, J(PAP?) = 45 Hz); 'H NMR (CD,Cl,) 6(Me?)
1.11 (m, 8%J(HH) = 7.5 Hz, “J(PH), + *J(PH)yans = 10 Hz, 3J-
(PtAMe?) = 53 Hz), §(MeCH,A) 1.35 (m), 1.75 (m), 6(MeB) -0.18
(m, 3J(HH) = 7.5 Hz, 3J(PtBMe®) = 91 Hz, ‘J(PtAMeB) = 13 Hz),
5(MeCH,B) 1.22 (m, 3J(PBHB) = 7.5 Hz), §(CH,P,) 3.81, 3.96
(complex multiplets). Anal. Calcd for [PtyEtg(u-dppm),]-
[SbFg]CH,Cly: C, 43.6; H, 3.9; Cl, 4.5; F, 7.3; P, 7.9. Found: C,
43.4; H, 3.9; Cl, 4.4; F, 7.5; P, 7.9.

In some preparations the product was contaminated with
5-10% of [PtyEty(u-H) (u-dppm),][SbF], and, when this occurred,
we were unable to separate the product and impurity.

Complex Ic was prepared similarly by using [Pt(CD;CD4],-
(dppm)]. Attempts to prepare [Pt,(CHyCDj);3(u-dppm),][SbFe]
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were also carried out in a similar way. The 'H NMR spectrum
showed that scrambling of deuterium between the methyl and
methylene groups of both the EtPt* and EtPtB groups was es-
sentially complete. Decomposition of this product gave complex
II with significant !H content in the bridging hydride position
[6(Pt,H) -7.6 (1J(PtH) = 485 Hz)].

Attempts To Prepare [Pt,R,R!(u-dppm),]*. Reaction of
[PtPhy(dppm)] with [PtCIMe(dppm)] failed to occur, but only
slow dimerization of the latter to [PtoMey(u-Cl)(u-dppm),]Cl was
observed. Reaction of [PtEt,(dppm)] with [PtCIMe(dppm)] gave
intractable mixtures, and [PtMe,(dppm)] with [PtCIEt(dppm)]
gave [Pty(u-H)Me,y(u-dppm),]Cl as the only isolated product.
These reactions are evidently complicated by alkyl transfer leading
to scrambling effects.

[Pt;Ety(u-H)(u-dppm),][SbFg]. A solution of [Pt Etg(u-
dppm),}[SbFg] (0.70 g, 0.47 mmol) in CH,Cl, (12 mL) was stored
in a closed flask for 70 h in the dark. The color changed from
deep orange to dull yellow. The volume of solvent was reduced,
and hexane was added to precipitate the product, which was
recrystallised from CH,Cl;/hexane as an off-white solid: 0.47 g,
69%; *P{!H} NMR (CH,Cly) 6(*'P) 14.27 (*J(PtP) = 3086, 2J(PtP)
= 34, 2J(PP) = 51, 3J(PP) = 11 Hz); 'H NMR (CD,Cl,) §(CH,)
—0.14 (t, *J(HH) = 7.8 Hz, 3J(PtH) = 59 Hz), 5(CH,Pt) 0.83 (m),
3J(HH) = 7.8 Hz, 3J(PH) = 7.8 Hz), 6(CH,P,) 4.53 (q, 3J(PtH)
= 38.5 Hz, 2J(PH) = 3.7 Hz, *J(HH) = 1.5 Hz), 6(PtH) -7.65 (m,
1J(PtH) = 488 Hz, ?*J(PH) = 9 Hz). Anal. Calcd for [Pt,Et,H-
(dppm),][SbF)-0.1CH,Cl,: C, 44.4; H, 3.8; Cl, 0.5; F, 7.8; P, 8.5.
Found: C, 44.4; H, 3.8; Cl, 0.6; F, 7.8; P, 8.5.

Ethylene Analysis. A sample of [Pt,Et;(u-dppm),}[SbFs]
(0.050 g, 0.034 mmol) was placed in a small sealable vessel and
dissolved in CH,Cl, (1 mL). The vessel was sealed and kept in
the dark to prevent photolysis. After 48 h samples of vapor were
withdrawn and analyzed by GC. Only ethylene (with no ethane)
was detected (82% yield). The solvent was evaporated and the
sample redissolved in CH,Cl, (1 mL) as before. After another
48 h a further 1.3% yield of ethylene was obtained, and a third

treatment yielded only traces of ethylene and ethane. The GC
calibration was made by injecting known volumes of pure ethylene
into the above reaction flask containing only CH,Cl, (1 mL) and
then, after allowing time for equilibration, sampling as described
above. The residue was identified as pure [PtyEty(u-H)(u-
dppm),][SbFg] by the 1P NMR spectrum, and the starting ma-
terial was also shown to contain some of this material by the 3'P
NMR spectrum. Integration of the complex spectra is inaccurate,
but ~10% impurity of ITb in the sample of Ib was detected in
this way.

The isotopic analysis was carried out by allowing a solution
of Ib and I¢ (0.02 g each) in CHCL,CHCI, (2 mL) contained in
a small vessel fitted with a Teflon tap and quickfit connector to
decompose over 48 h at room temperature in the dark. The vessel
was cooled in liquid nitrogen, and the volatiles were admitted
directly to the mass spectrometer through the gas inlet system.
Similar experiments with Ib and Ic separately were carried out,
and analysis at 20 and 70 eV was made.

Kinetic Studies. The solution of Ib (0.0029 g in 10 mL of
solvent, 2 X 10™* M solution) was made up in a volumetric flask
(10 mL) immediately prior to use and then transferred to a 1-cm
cuvette in the thermostated cell compartment of the spectro-
photometer. Spectra (370-450 nm) were recorded at suitable
intervals. When an additive was required, this was weighed out
and mixed with Ib before dissolution. The spectra obtained were
identical with those in the absence of added dppm (absorbance
by dppm in the range 370450 nm is very low), indicating that
dppm does not interact with either Ib or IIb under the conditions
used.

Registry No. Ib, 82311-98-6; Ic, 82312-00-3; IIb, 82312-02-5; I1I,
52621-09-7; H[SbF¢], 16950-06-4; CD4CD,Li, 1629-55-6; CD;CD,Br,
3675-63-6; CD,CH,Br, 7439-86-3; CH;CH,Li, 811-49-4; PtCl,(dppm),
52595-94-5; Pt(CD;CDj),(dppm), 82312-03-6; Pt(CH,CDy),(dppm),
82312-04-7; IV, 82312-05-8; CH,COC, 75-36-5; Dy, 7782-39-0.
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acylnickel carbonyl complexes to produce «,8- and 8,y-unsaturated ketones, resulting from acylation of
the w-allyl ligand. A variety of w-allyl complexes and acylmetal complexes were studied. Palladium(IT)
complexes, including (w-allyl)palladium halides, catalyzed the carbomethoxylation of allyl acetates by
NaCo(CO),. The key step in all of these reactions was thought to be nucleophilic attack of the anionic
metal carbonyl complex on a (r-allyl)palladium species.

Introduction

Anionic transition-metal carbonyl complexes have found
significant application in organic synthesis because they
are at least modest nucleophiles and are quite reactive
toward organic electrophiles. A particularly well-studied
complex is disodium tetracarbonylferrate, Na,Fe(CO),.!
This strong base (pK, = 14) and nucleophile reacts in Sy2
fashion with organic halides to produce alkyliron species,

(1) J. P. Collman, Acc. Chem. Res., 8, 342 (1975).

which insert carbon monoxide to produce acyl iron species.
These can be converted to acylated organic derivatives by
further reaction with electrophiles (eq 1).2° A related
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above. The residue was identified as pure [PtyEty(u-H)(u-
dppm),][SbFg] by the 1P NMR spectrum, and the starting ma-
terial was also shown to contain some of this material by the 3'P
NMR spectrum. Integration of the complex spectra is inaccurate,
but ~10% impurity of ITb in the sample of Ib was detected in
this way.

The isotopic analysis was carried out by allowing a solution
of Ib and I¢ (0.02 g each) in CHCL,CHCI, (2 mL) contained in
a small vessel fitted with a Teflon tap and quickfit connector to
decompose over 48 h at room temperature in the dark. The vessel
was cooled in liquid nitrogen, and the volatiles were admitted
directly to the mass spectrometer through the gas inlet system.
Similar experiments with Ib and Ic separately were carried out,
and analysis at 20 and 70 eV was made.

Kinetic Studies. The solution of Ib (0.0029 g in 10 mL of
solvent, 2 X 10™* M solution) was made up in a volumetric flask
(10 mL) immediately prior to use and then transferred to a 1-cm
cuvette in the thermostated cell compartment of the spectro-
photometer. Spectra (370-450 nm) were recorded at suitable
intervals. When an additive was required, this was weighed out
and mixed with Ib before dissolution. The spectra obtained were
identical with those in the absence of added dppm (absorbance
by dppm in the range 370450 nm is very low), indicating that
dppm does not interact with either Ib or IIb under the conditions
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NaCo(CO),. The key step in all of these reactions was thought to be nucleophilic attack of the anionic
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Introduction

Anionic transition-metal carbonyl complexes have found
significant application in organic synthesis because they
are at least modest nucleophiles and are quite reactive
toward organic electrophiles. A particularly well-studied
complex is disodium tetracarbonylferrate, Na,Fe(CO),.!
This strong base (pK, = 14) and nucleophile reacts in Sy2
fashion with organic halides to produce alkyliron species,

(1) J. P. Collman, Acc. Chem. Res., 8, 342 (1975).

which insert carbon monoxide to produce acyl iron species.
These can be converted to acylated organic derivatives by
further reaction with electrophiles (eq 1).2° A related
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Table I. Acylation of (n-Allyl)palladium Complexes by Acyliron Carbonyl Complexes

Fe complex

Pd complex

products (% yield)¢

[n-C,H,,COFe(CO),]"Na*

[n-C,H,PdCl], + 5Ph,P

recginco” S (51)

[#-C,H,Pd(diphos)]*BF," ? (48)
[=-C,H,Pd(PPh,)]*BF," (60)

[CH,COFe(CO),] Li*
[n-C H,,COFe(CO),PPh,] Na*

[x-1-PhC,H,Pd(PPh,)]*BF,"
[n-C,H,PdCl], + 5Ph,P + CO°

PhMCOCHys (53)

n-cemscow (26)

[r-C,H,Pd(diphos)]*BF," + CO (27)

[r-C,H,COFe(CO),] Li*

¢ Reported yields for isolated, purified products.

[n-1-MeC,H,Pd(PPh,)]*BF,"

PeCatioco” SN (BT)9

b diphos = Ph,PCH,CH,PPh,. ¢ The reaction was run under an

atmosphere of carbon monoxide. ¢ A small amount (4%) of the other regioisomer was obtained.

nucleophilic acylmetal complex results from the reaction
of nickel carbonyl with organolithium reagents.® These
unstable acylnickel carbonylates react with allylic halides
to produce homoallylic ketones? and with conjugated ke-
tones to result in 1,4 acylation (eq 2).5° The cobalt carbonyl

y

o
RLi + Nilcol, — [RENiIcOl,]™ (2)
% o

o R)K/Y

[o]

anion, Co(CO),” (pK, = 1), is considerably less basic than
the iron species discussed above but is sufficiently nu-
cleophilic to attack reactive organic halides to form alkyl-
and acylcobalt species, convertible to carboxylic acid de-
rivatives (eq 3).°

0 : i ,
NaColCOl, + RX —» RColCOl, —2 = RC-Coicol, R2H . rE-o0R

(3)

A number of transition-metal organometallic electro-
philes are also important in organic synthesis. Foremost
among these are the (w-allyl)palladium halide complexes,
which react with a variety of nucleophiles, including
amines,”® and carbanions®! in the presence of excess lig-
and (eq 4).

/CI\ Pz
<<Pd / + XSL + Nue- —» Nuc” 7
~
2

As part of a general program to explore the reactions of
organometallic nucleophiles with organometallic electro-
philes, we have studied the reactions of iron, nickel, and
cobalt carbonyl anions with (w-allyl)palladium halide

+ Pdln  (4)

(2) J. P. Collman, R. G. Finke, J. N. Cawse, and J. I. Braumann, J.
Am. Chem. Soc., 99, 2515 (1977); 100, 4766 (1978).

(3) S. K. Mycong, Y. Sawa, M. Ryang, and S. Tsutsumi, Bull. Chem.
Soc. Jpn., 38, 330 (1965).

(4) L. S. Hegedus, Ph.D. Thesis, Harvard University, 1970, pp 85-87.

(5) E. J. Corey and L. S. Hegedus, J. Am. Chem. Soc., 91, 4926 (1969);
Y. Sawa, I. Hashimoto, M. Ryang, and 8. Tsutsumi, J. Org. Chem., 33,
2159 (1968).

(6) R. F. Heck in “Organic Synthesis via Metal Carbonyls”, Vol. 1, P.
Wender and P. Pino, Eds., Wiley-Interscience, New York, 1968, pp
373-404.

(7) B. Akermark and K. Zetterberg, Tetrahedron Lett., 3733 (1975).

(8) B. M. Trost and J. P. Genet, J. Am. Chem. Soc., 98, 8516 (1976).

(9) B. M. Trost, Acc. Chem. Res., 13, 385 (1980).

(10) B. M. Trost, Tetrahedron, 33, 2615 (1977).

complexes. The results of these studies are described
herein.

Results and Discussion

Initial studies focused on the reaction of anionic iron
carbonyl complexes with (w-allyl)palladium halides. It had
previously been reported!!? that (w-allyl)palladium
chloride reacted with Fe,(CO)g to produce the (r-allyl)iron
tricarbonyl chloride complex, m-C;HFe(CO)4Cl, in low
yield. Initial attack of iron on the palladium, followed by
allyl transfer, was proposed.’®* In the current studies,
(r-1-phenylallyl)palladium chloride (1) was treated with
disodium tetracarbonylferrate in the presence of tri-
phenylphosphine and carbon monoxide, in an attempt to
formylate the 7-allyl ligand (eq 5). It was hoped that the

/_/—Fiucou
\ e = CHO
Ph Pd: —H— Ph/_—/\

~
Lm PPhy
-
ol
12 (Pd\/ + 2PhgP + CO + NayFelCOl, (5)
2

' N

excess phosphine would divert the iron from palladium to
the =-allyl ligand. However, no aldehyde product was
obtained. Instead, a gray complex containing palladium
in some form!* and Fe(CO),PPh; (by infrared and NMR
spectroscopy) and a yellow mixture of Fe(CO),PPh; and
B-methylstyrene (from protonation of the w-allyl group
during isolation) were obtained,!® indicating that the iron
anion probably attacked palladium rather than the w-allyl
ligand. To circumvent this problem, the considerably less
basic acyliron anionic complexes were studied. These
complexes converted (w-allyl)palladium complexes to un-
saturated ketones in moderate yield (eq 6). The results
are summarized in Table L.

["Pa-FeicOl,Ln] + PH " 4 FaicOiyLn

RYO
9 v R —F R
i - e
REpounl” o fpal &0 e N
- ©

R L 425 ‘

(11) C. C. Grindrod, M.Sc. Thesis, McMasters University, Hamilton,
Ontario 1966.

(12) A. N. Nesmeyanov, A. Z. Rubezhov, and S. P. Gubin, Izv. Akad.
Nauk SSSR, Ser. Khim. 194 (1966).

(13) A. N. Nesmeyanov, S. P. Gubin, and A. Z. Rubezhov, J. Orga-
nomet. Chem., 16, 163 (1969).

(14) Palladium was detected by using dimethylglyoxime. L. Erdey,
“Gravimetric Analysis”, Pergamon Press, New York, 1965, Part 2, pp 256.
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Table II. Acylation of (7-Allyl)palladium Complexes by Acylnickel Carbonyl Complexes

Ni complex

Pd complex

product (% yield)?

CH,CONi(CO), Li

n-C,H,CONi(CO),Li

[x-1-PhC,H,Pd(PPh,)]*BF,"

[n-1-PhC,H,Pd(PPh,)]*BF,"

Ph"X""NcocHs (61)

o S L

Ph"X"NCOCaHs  (45)

0
. Ph
PhCONi(CO), Li [x-C,H,Pd(PPh,)]*BF," Ph (60)
0
PhCH,CONi(CO), MgCl [#-C;H,Pd(PPh,)]*BF," Pl (55)
CH,CONi(CO),Li [r-1-PhC,H,PdCl], + 4Ph,P b
CH,CONi(CO),Li {r-1-PhC,H,PdCl], ph/\/i\ (62)

n-C,H,CONi(CO),Li

[r-1-MeC,H,Pd(PPh,)]*BF,"

PrX""cocH; (21)

S (53)°

COCqHg

@ Reported yields are for isolated purified products. ? Cinnamyl alcohol was isolated, ¢ A small amount (11%) of the

other regioisomer was obtained,

The highest yields were obtained in reactions between
acyliron tetracarbonyl complexes and cationic mono
phosphine (r-allyl)palladium complexes, prepared by the
removal of chloride by treatment with silver tetrafluoro-
borate followed by addition of 1 equiv of triphenyl-
phosphine. This parallels the results obtained in the am-
ination of (w-allyl)palladium complexes, in which cationic
monophosphine complexes were most reactive.!® Com-
plexes resulting from reaction of the chloro-bridged dimer
with excess phosphine or with AgBF, followed by 1,2-
bis(diphenylphosphino)ethane (diphos) reacted in some-
what lower yields. The acyliron tetracarbonyl complexes
were clearly superior to the corresponding mono(phos-
phine)iron carbonyl complexes which gave acylation
products in only low yield. This result also accounts for
the lowering of the yield in reactions involving free tri-
phenylphosphine, since, under these conditions, formation
of acyliron carbonyl phosphine complexes certainly occurs.
It should be noted that the highest yields of acylation
products were obtained with the least nucleophilic acyliron
species RCOFe(CO),~. This stands in contrast to the re-
action of organic electrophiles (i.e., alkyl halides) with
acyliron complexes, for which the best yields were obtained
from the most nucleophilic iron species (Fe(CO)> >
RFe(CO),” > RCOFe(CO);PPh;” > RCOFe(CO),).Y" This
sensitivity of (r-allyl)palladium complexes to the nucleo-
philicity of the attacking species is a common feature of
this class of compounds!® and is likely due to the availa-
bility of two different sites for nucleophilic attack!® (the
metal and the =-allyl ligand), only one of which (the w-allyl
ligand) results in the desired transformation.

Of some importance is the observation that the (r-cro-
tyl)palladium complex also reacted in reasonable yield with
acyliron nucleophiles. w-Allyl complexes having protons

(16) B. Akermark, G. Akermark, L. S. Hegedus, and K. Zetterberg, J.
Am. Chem. Soc., 103, 3037 (1981).

(17) J. P. Collman, S. R. Winter, and D. R. Clark, J. Am. Chem. Soc.,
94, 1788 (1972).

(18) a) B. M. Trost, L. Weber, P. A. Strege, T. J. Fullerton, and T. J.
Dietsche, J. Am. Chem. Soc., 100, 3416, 3426 (1978); b) B. M. Trost and
T. R. Verhoeven, ibid., 102, 4730 (1980); c¢) L. 8. Hegedus, W. H. Dar-
lington, and C. E. Russell, J. Org. Chem., 45, 5193 (1980).

(19) S.-i. Murahashi, Y. Tamba, M. Yamamura, and N. Yoshimura, .
Org. Chem., 43, 4099 (1978).

a to the allyl group often undergo a facile decomposition
to the diene by abstraction of one of these protons by base.

Anionic acylnickel carbonyl complexes react with (7-
allyl)palladium complexes in a similar fashion (eq 7; Table

| W

L 1
———— R N\p
-78° to +25

RM + NilCOl, %-» RCONIICOI,~M*

IT). Since these nickel complexes are both less reactive
and less thermally stable than the corresponding iron
complexes, only the most reactive (7-allyl)palladium com-
plexes, the cationic, monophosphine complexes, underwent
acylation. In contrast to the iron case, only the 8,y-un-
saturated ketone was obtained, the acylnickel complex
being less basic than the corresponding iron species and
thus being unable to effect rearrangement.

The chloro-bridged dimer was inert in the presence of
excess triphenylphosphine, the allyl group being recovered
as the corresponding allylic alcohol after the oxidative (I,)
isolation procedure. In the absence of triphenylphosphine,
reduction of the chlorobridged dimer was observed.
Palladium metal was deposited from solution, and the
major product was the biallyl from reductive coupling of
the =-allyl groups. In this case, it is likely that the anionic
nickel complex attack palladium directly rather than at-
tack the 7-allyl group. Only a low yield of the acylation
product was obtained. The acylnickel complexes from
methyllithium, n-butyllithium, and benzylmagnesium
chloride acylated (w-allyl)palladium complexes in fair yield.
In contrast, that from phenyllithium was unreactive under
conditions sufficiently severe to cause thermal decompo-
sition to benzil (=25 °C), and no acylation resulted from
this reactant. The (r-crotyl)palladium complex reacted
with the acylnickel species from n-butyllithium to give
good yields of acylation product. Again, the possible
base-promoted decomposition of the w-allyl complex to
butadiene was not observed. Surprisingly, acylation oc-
curred at the more substituted terminus of this complex.
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The final metal carbonyl anion studied was sodium
tetracarbonylcobaltate, NaCo(CO),. In contrast to the
nickel and iron complexes discussed above, this species
does not contain an acyl group (RCO) and should function
as a CO-transfer agent rather than an acyl-transfer agent.
Scheme I describes a palladium(0) catalyzed carboalk-
oxylation of allyl acetates by sodium tetracarbonylcobaltate
in the presence of triphenylphosphine and carbon mon-
oxide, in which a key step is thought to be nucleophilic
attack of the cobalt anion on a (7-allyl)palladium species
(Scheme I).

Several features indicate that this process is indeed
bimetallic. Reaction of cinnamyl acetate with NaCo(CO),
alone led to simple hydrolysis of this ester, producing
cinnamyl alcohol and no methyl ester. Thus, the cobalt
anion is too weak a nucleophile to attack an allylic acetate
and produce a (o-allyl)- or (w-allyl)cobalt complex. Ad-
dition of a palladium catalyst (either 10% PdCl,-
(CHgCN)2/6Ph3P or 5% [W—l-PhC3H4PdCI]2/8Ph3P) re-
sulted in carbomethoxylation of the allylic acetate in over
70% yield, based on cobalt. This corresponds to about
seven cycles of the palladium catalyst. The reaction is
thought to occur by formation of a (r-allyl)palladium
complex by an oxidative addition of the allyl acetate to
a palladium(0) species followed by nucleophilic attack of
the cobalt anion on this 7-allyl species. (w-Allyl)palladium
complexes themselves are known to carbonylate when
treated with carbon monoxide and methanol.? However,
under the conditions used in Scheme I, only low yields of
ester (less than two turns of the palladium catalyst) were
obtained in the absence of the cobalt anion. Under a
carbon monoxide atmosphere, the (s-allyl)cobalt species
resulting from attack of the cobalt anion on the (v-al-
lyl)palladium species inserted carbon monoxide to give a
(s-acyl)cobalt species, which methanol cleaved to produce
the desired ester in over 70% yield, based on cobalt (~
seven cycles of the palladium catalyst). When the reaction
was carried out in the absence of carbon monoxide, the
corresponding (w-allyl)cobalt was isolated in 20-40% yield
(two to four cycles of the palladium). This strongly in-
dicates that palladium is activating the allyl acetate via
a (w-allyl)palladium complex and that the w-allyl group
is transferred to cobalt.?t In the absence of carbon
monoxide, the initially formed (s-allyl)cobalt complex
collapses to a m-allyl complex. It has already been shown

(20) (a) W. T. Dent, R. Long, and G. H. Whitefiled, J. Chem. Soc.,
1588 (1964); (b) S. Brewis and P. R. Hughes, Chem. Commun., 157
(1965).

(21) R. F. Heck, J. Am. Chem. Soc., 90, 317 (1968).
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that these (=-allyl)cobalt complexes do not form the de-
sired ester when exposed to CO and methanol? and that
isomerization back to the o-allyl complex is a difficult
process.?? Thus, CO insertion in the initially formed
o-allyl complex in Scheme I is proposed.

Experimental Section

General Data. Melting points were taken with a Mel-Temp
apparatus and are uncorrected. Infrared spectra were determined
on a Beckman Model 4200 spectrophotometer and are reported
in inverse centimeters. Nuclear magnetic resonance (NMR)
spectra were measured with either a Varian Associates Model T-60
or EM-360 or JEOL FX-100 spectrophotometer using Me,Si as
the internal standard and are reported in 6. Coupling constants
are given in hertz. Mass spectra were taken on a VG Micromass
16F mass spectrometer at an ionization energy of 70 eV. Analytical
thin-layer chromatography was performed by using Brinkman
precoated silica gel F-254 plates (0.25 mm). Preparative thin-layer
chromatography was performed by using 20 X 20 cm plates coated
with silica gel (2 mm, E M Laboratories 60 PF-254). Products
were visualized with UV light. Purity of products was established
by comparison of NMR spectra, thin-layer chromatography, and
vapor-phase chromatography comparison with authentic material.
All products were >95% pure by these criteria.

Materials. All solvents were freshly distilled and stored under
an argon atmosphere. Immediately before use they were degassed
and saturated with argon. Tetrahydrofuran (THF) and ether were
distilled from sodium benzophenone ketyl. Disodium tetra-
carbonylferrate-dioxane (3/2) [Na,Fe(CO),1.5(C;Hg0,)] (Alfa),
pentacarbonyliron [Fe(CO);] (Alfa), and nickel carbonyl [Ni(CO),]
(Pressure Chemical Co.) were used without further purification.
Octacarbonyldicobalt [Co,(CO)g] (Alfa) was recrystallized from
petroleum ether. Hexanoyl chloride (Matheson Coleman and Bell)
and n-hexyl bromide (Aldrich) were used without further puri-
fication. Methyllithium, n-butyllithium, and benzylmagnesium
chloride, purchased from Aldrich as a 1.6 M ether solution, Alfa
as a 2.4 M hexane solution, and Alfa as a 1.1 M THF solution,
respectively, were titrated by using the 2-butanol-1,10-
phenanthroline method of Watson and Eastham.#* Phenyllithium
was prepared in ether by a published procedure? and titrated
by using the above method. Triphenylphosphine (Aldrich) and
silver tetrafluoroborate (Alfa) were used without further puri-
fication,

The complex [(n-CsH,;)COFe(CO),]Na was prepared from
NayFe(CO)4 and n-C;H,;;COCl in THF by a published procedure®
and used as a THF solution.

The complexes [CH;COFe(CO),]Li and [n-C,H,COFe(CO),]Li
were prepared from Fe(CO); and the corresponding alkyllithium
in THF by a published procedure®” and used as a THF solution.
The complex [n-CgH;3COFe(CO);PPhy]Na was prepared from
NayFe(CO),4, n-C¢H,3Br, and PPhy in THF by a published pro-
cedure.?® The complexes [CH,CONi(CO),]Li, [n-C,H,CONi-
(CO),]Li, and [PhCONi(CO),]Li were prepared from Ni(CO), and
the corresponding alkyl- or aryllithium in ether by a published
procedure®® and used as an ether solution.

The complex [PhCH;CONi(CO),]MgCl was prepared in THF.
Ni(CO), (0.20 mL, 1.5 mmol) was added to 5 mL of argon satu-
rated THF. The solution was cooled to -50 °C, and benzyl-
magnesium chloride (1.5 mL of 1.01 M in THF) was added. The
mixture was stirred for 3.5 h at -50 °C and used for further
reaction,

The compound NaCo(CO), was prepared from octacarbonyl-
dicobalt and NaH in THF by a published procedure?® and used

(22) R. F. Heck and D. S. Breslow, J. Am. Chem. Soc., 83, 1097 (1961).

(23) D. W. Moore, H. B. Jonasseor, T. B. Joyner, and J. A. Bertrand,
Chem. Ind. (London), 1304 (1960).

(24) S. C. Watson and J. F. Eastham, J. Organomet. Chem., 9, 165
(1967).

(25) R. G. Jones and H. Gilman, Org. React., 6, 353 (1951).

(26) Y. Watanabe, T. Mitsuda, M. Tanaka, K. Yamamoto, T. Okajima,
and Y. Takejami, Bull. Chem. Soc. Jpn., 44, 2669 (1971).

(27) E. O. Fischer, V. Kiener, and R. D. Fischer, J. Organomet. Chem.,
16, 860 (19869).

(28) M. P. Cooke, J. Am. Chem. Soc., 92, 6080 (1970).
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as a THF solution. (w-Allyl)palladium chloride, (7-1-methyl-
allyl)palladium chloride, and (x-1-phenylallyl)palladium chloride
were prepared from PdCl,(CH3;CN), and the corresponding allylic
chloride compounds by a published procedure.®® 1,2-Bis(di-
phenylphosphino)ethane (diphos) was prepared by a published
procedure.’! Cationic w-allylic palladium complexes such as
[r-CsHsPd(diphos)]BF,, [#-C;H;Pd(PPh;)]BF,, [=-1-
MeCaH4Pd(PPh3)]BF4, and [W'l'PhCaH4Pd(PPh3)]BF4 were
prepared by a published procedure.®

Attempted Formylation of [r-1-PhC,H,PdCl], with Na,-
Fe(CO), in the Presence of Excess Triphenylphosphine. A
solution of [#-1-PhC;H,PdCl], (0.13 g, 0.30 mmol) and tri-
phenylphosphine (0.32 g, 1.2 mmol) in THF (8 mL) (precooled
to -78 °C) was added to Na,Fe(CO),1.5(C H30,) (0.21 g, 0.60
mmol} in THF (10 mL) over 5 min via a precooled (dry ice) syringe
at —78 °C under a carbon monoxide atmosphere. The reaction
solution was slowly allowed to warm to room temperature and
stirred for an additional 3 h.

Glacial acetic acid (0.069 mL, 1.2 mmol) was added and the
mixture stirred for 10 min. The mixture was poured into water
(100 mL) and extracted with ether (3 X 30 mL). The combined
extracts were washed with water (3 X 20 mL), dried over an-
hydrous magnesium sulfate, and filtered, and the solvent was
concentrated on a rotary evaporator. The residue was treated
with a small portion of pentane and filtered. A dark gray solid
(0.19 g) was obtained: IR (KBr) 2038, 1968, 1925, cm™'; NMR
(CDCly) 6 7.33 (s, 2), 7.77 (s, 3). Palladium was detected by using
dimethylglyoxime.!*

The filtrate was concentrated to give a mixture (0.14 g) of yellow
solid and a small amount of liquid: IR (Nujol) 2038, 1968, 1925,
cm™l. The liquid was trans-propenylbenzene, identical with au-
thentic material (Columbia Organic Chemicals Co.).

General Reaction Procedure for Acylation of (x-Allyl)-
palladium Chloride with Acyliron Carbonyl Complexes in
the Presence of Excess Triphenylphosphine. To a solution
of [x-C3HsPdCl], and triphenylphosphine in THF cooled to -60
°C under an argon atmosphere was added a THF solution of
[n-CsH,;COFe(CO) ] Na (precooled to —78 °C) over 5 min via a
precooled (dry ice) syringe. The initial dark brown mixture turned
into a yellow suspension within 10 min. After the reaction mixture
was stirred for an additional 45 min at —60 °C, it was slowly
allowed to warm to room temperature. The mixture was diluted
with ether (100 mL) and cooled to —78 °C, followed by filtration
to give a yellow solid. This solid was tetrakis(triphenyl-
phosphine)palladium(0), [Pd(PPh;),], and all spectral data co-
incided with those of the authentic sample.’? The filtrate was
washed with water (3 X 30 mL), dried over anhydrous magnesium
sulfate, and filtered, and the solvent was concentrated on a rotary
evaporator. The residue was treated with a small portion of
pentane, and the insoluble compounds were removed by filtration.
The crude product was obtained after evaporation of the solvent.

With [n-CzH,;;COFe(CO),JNa. A solution of [n-
C;H;;COFe(CO)4]Na (1.8 mmol) in THF (10 mL) was added to
a solution of [r-C3HzPdCl], (0.31 g, 0.85 mmol) and triphenyl-
phosphine (2.2 g, 8.5 mmol) in THF (10 mL). Pd(PPhy), (1.1 ¢,
56%) was obtained. Purification by evaporative distillation
(95-105 °C (11 torr)) gave 0.12 g (50%) of 2-nonen-4-one, in all
respects identical with material prepared by an alternate pro-
cedure.®

With [n-CiH ;3COFe(CO);PPh;]Na. A solution of [n-
CsH,5COFe(CO);PPh3]Na (1.6 mmol) in THF (9 mL) was added
to a solution of [»-CzH;PdCl], (0.28 g, 0.76 mmol) and tri-
phenylphosphine (2.0 g, 7.6 mmol) in THF (10 mL). The reaction
was run under a carbon monoxide atmosphere. Pd(PPhj), (1.3
g, 75%) was obtained. Purification by evaporative distillation
(100~-110 °C (11 torr)) gave 0.060 g (26%) of the 90:10 mixture
of 2-decen-4-one and 1-decen-4-one, in all identical respects with
materials prepared by alternate procedures.??

(29) J. J. Brunet, C. Sidot, and P. Caubere, J. Organomet. Chem., 204,
229 (1981).

(30)) W. T. Dent, R. Long, and A. J. Wilkinson, J. Chem. Soc., 1585
(1964).

(31) J. Chatt and F. A, Hart, J. Chem. Soc., 1378 (1960).

(32) D. R. Coulson, Inorg. Synth., 13, 121 (1972).

(33) T. Fujita, S. Watanabe, K. Suga, T. Inoba, and T. Takagawa, <.
Appl. Chem. Biotechnol., 28, 882 (1978).

Hegedus and Tamura

General Reaction Procedure for Acylation of Cationic
w-Allylic Palladium Complexes with Acyliron Carbonyl
Complexes. A THF solution of the acyliron carbonyl complex
(precooled at —78 °C) was added to a THF solution of the cationic
m-allylic palladium complex cooled to —78 °C over 5 min via a
precooled (dry ice) syringe under an argon atmosphere. After
the reaction mixture was slowly allowed to warm to room tem-
perature, ether (100 mL) was added, and the mixture was filtered.
The filtrate was washed with water (3 X 30 mL), dried over
anhydrous magnesium sulfate, and filtered, and the solvent was
concentrated on a rotary evaporator. The residue was treated
with a small portion of pentane, and the insoluble compounds
were removed by filtration. The crude product was obtained after
evaporation of the solvent.

Reaction of [#-C;H;Pd(diphos)]BF, with [n-C;H;;COFe-
(CO),JNa. A solution of [n-CsH;,COFe(CO),]Na (1.05 mmol)
in THF (7 mL) was added to a solution of [7-C;H;Pd(diphos)]BF;
(1.0 mmol) in THF (20 mL). Purification by evaporative dis-
tillation (95-105 °C (11 torr)) gave 0.067 g (48%) of the 15:85
mixture of 2-nonen-4-one and l-nonen-4-one, in all respects
identical with materials prepared by alternate procedures.®

Reaction of [#-C;H,Pd(PPh;)]BF, with [n-C;H,,COFe-
(CO),INa. A solution of [n-CsH,;,COFe(CO),]Na (0.85 mmol)
in THF (5 mL) was added to a solution of [r-CgH;Pd(PPhy)]BF,
(0.81 mmol) in THF (15 mL). Purification by evaporative dis-
tillation (140-150 °C (19 torr)) gave 0.068 g (60%) of the 45:55
mixture of 2-nonen-4-one and 1-nonen-4-one.

Reaction of [r-C;H Pd(diphos)]BF, with [n-C;H,;;COFe-
(CO);PPh;]Na. A solution of [n-CgH,;3;COFe(CO);PPh;]Na (1.3
mmol) in THF (9 mL) was added to a solution of [r-C;H;Pd-
(diphos)]BF, (1.2 mmol) in THF (25 mL). The reaction was run
under a carbon monoxide atmosphere. Purification by evaporative
distillation (100-110 °C (11 torr)) gave 0.052 g (27%) of 53:47
mixture of 2-decen-4-one and 1-decen-4-one.

Reaction of [7-1-PhC;H,Pd(PPh;)]BF, with [CH;COFe-
(CO),]Li. A solution of [CH;COFe(CO) Li (1.2 mmol) in THF
(8 ml.) was added to a solution of [#-1-PhC;H,Pd(PPh,)]BF, (1.0
mmol) in THF (30 mL). Purification by preparative layer
chromatography (silica gel, 2:1 hexane—ether, R, 0.40) gave 0.085
g (63%) of the 83:17 mixture of methyl trans-cinnamyl ketone
and 5-phenyl-3-penten-2-one, in all respects identical with ma-
terials prepared by alternate procedures.®%

Reaction of [7-1-MeC;H,Pd(PPh;)]BF, with [n-
C,H,COFe(CO),JLi. A solution of [n-C,H,COFe(CO),JLi (1.2
mmol) in THF (6 mL) was added to a solution of [=-1-
MeC;HPd(PPh;)]BF, (1.0 mmol) in THF (20 mL). Purification
by evaporative distillation (80-90 °C (6 torr)) gave 0.086 g (61%)
of the 68:28:4 mixture of 2-nonen-5-one, 3-nonen-5-one, and 3-
methyl-1-octen-4-one, respectively. 3-Nonen-5-one was in all
respects identical with material prepared by an alternate pro-
cedure.®® 2-Nonen-5-one: NMR (CDCl,) 5 5.60-5.45 (m, 2,
HC==CH), 3.13-3.04 (m, 2, =CCH,C=0), 2.40 (t, J = 7.4 Hz,
2, CH,C=0), 1.68 (d, J = 3.5 Hz, 3, CH,C=), 1.65-1.47 (tt, J =
7.1, 74 Hz, 2, CH,CC=0), 1.40-1.22 (tq, J = 7.1, 7.6 Hz, 2,
CH,CCC==0), 0.88 (t,J = 7.6 Hz, 3, CH;C); IR (neat) 1708 (C==0),
1660, 960 (trans, CH=CH) cm™; mass spectrum, m/e (relative
intensity) 140.0 (parent, 5.6), 111.0 (2.7), 98.0 (6.4), 85.1 (100),
83.1 (3.0).

3-Methyl-1-octen-4-one:*¥ NMR (CDCly) 6 5.79 (ddd, J = 17.5,
10.7, 8.9 Hz, 1, =CHC), 5.14 (dd, J(trans) = 17.5 Hz, 1, HC=CC),
5.12 (dd, J(cis) = 10.7 Hz, 1, HC=CC), 3.19 (dq, J = 7.3, 8.9 Hz,
1,=CCHC==0), 2.41 (t, J = 7.8 Hz, 2, CH,C=0), 1.65-1.47 (tt,
J =17.8, 7.6 Hz, 2, CH,CC=0), 1.42-1.23 (tq, J = 7.6, 7.6 Hz, 2,
CH,CCC=0), 1.16 (d, J = 7.3 Hz, 3, CH;CC=), 0.90 (t, J = 7.6
Hz, 3, CH,C); IR (neat) 1707 (C==0), 988, 911 (=CH,) cm™!; mass
spectrum, m/e (relative intensity) 140.0 (parent, 3.1), 125.2 (6.9),
98.1 (9.3), 85.1 (100), 83.1 (40.5).

(34) J. Fayos, J. Clardy, L. J. Dobby, and T. Farnham, J. Org. Chem.,
42, 1349 (1977).
( (35)) S. Shatzmiller and A. Eschenmoser, Helv. Chim. Acta, 56, 2975
1973).

(36) O. V. Lyubinskaya, V. A. Semenovskii, and V. F. Kucherov, Izv.
Akad. Nauk SSSR, Ser. Khim., 1803 (1976).

(37) A. J. Bard and A. Merz, J. Am. Chem. Soc., 101, 2959 (1979).

(38) M. Julia, L. Saussine, and G. Le Thuillier, J. Organomet. Chem.,
174, 359 (1979).





Reactions of Transition-Metal Nucleophiles

General Reaction Procedure for Acylation of =-Allylic
Palladium Complexes with Acylnickel Carbonyl Complexes.
Caution!! Nickel carbonyl is an exceedingly toxic, volatile (bp
43 °C) complex. All operations involving this compound must
be carried out in an efficient draft hood.> A THF solution of the
m-allylic palladium complex (precooled to =78 °C) was added to
a solution of the acylnickel carbonyl complex in ether or THF
cooled to ~78 °C, over 5 min via a precooled (dry ice) syringe under
an argon atmosphere. The reaction mixture was slowly allowed
to warm to room temperature and then stirred for an additional
1 h. Aqueous ammonium chloride solution (10 mL) was added,
and excess nickel carbonyl was decomposed by the addition of
iodine in ether until the evolution of carbon monoxide ceased and
the solution remained brown from excess I, for 1 h. The mixture
was poured into a separatory funnel containing ether (100 mL)
and water (50 mL) and was shaken. The ether layer was washed
with aqueous sodium bisulfite solution (50 mL) to decompose
excess iodine and water (2 X 50 mL), dried over anhydrous
magnesium sulfate, and filtered, and the solvent was concentrated
on a rotary evaporator. When triphenylphosphine was contained
in the 7-allylic palladium complex, the residue was treated with
a small portion of pentane and the insoluble triphenylphosphine
oxide was removed by filtration. The crude product was obtained
after evaporation of the solvent.

Reaction of [7-1-PhC;H,Pd(PPh;)]BF, with [CH;CONi-
(CO),]Li. A solution of [#-1-PhC;H,Pd(PPhy)]BF; (1.0 mmol)
in THF (30 mL) was added to a solution of [CH;CONi(CO),]Li
(1.5 mmol) in ether (5 mL). Purification by preparative layer
chromatography (silica gel, 2:1 hexane-ether) gave 0.098 g (61%)
of methyl trans-cinnamyl ketone (R, 0.40) and 0.018 g (15%) of
1,6-diphenyl-1,5-hexadiene (R 0.90). These materials were in all
respects identical with materials prepared by alternate procedures,
respectively.5%

Reaction of [w-1-PhC;H,Pd(PPh;)]BF, with [n-
CH,CONi(CO),]Li. A solution of [x-1-PhC;H,Pd(PPh,)]BF,
(1.0 mmol) in THF (30 mL) was added to a solution of [n-
C4HyCONi(CO),]Li (1.5 mmol) in ether (5 mL). Purification by
preparative layer chromatography (silica gel, 2:1 hexane-ether,
R;0.70) gave 0.091 g (45%) of n-butyl trans-cinnamyl ketone, in
all respects identical with material prepared by an alternative
procedure.®

Reaction of [7-C;H,Pd(PPh;)]BF, with [PhCONi(CO),]Li.
A solution of [#-C3H;Pd(PPhy)]BF, (1.0 mmol) in THF (15 mL)
was added to a solution of [PhCONi(CO),]Li (1.5 mmol) in ether
(56 mL). Crude product (0.18 g) was benzil, in all respects identical
with authentic material: NMR Sadtler No. 73; IR Sadtler No.
922.

Reaction of [»-C;H;Pd(PPh;)]BF, with [PhCH,CONi-
(CO),MgCl]. A solution of [#-C3HzPd(PPh,)]BF, (1.0 mmol)
in THF (15 mL) was added to a solution of [PhCH,CONi-
(CO).MgCl] (1.5 mmol) in THF (5 mL). Purification by prepa-
rative layer chromatography (silica gel, 2:1 hexane-ether, R, 0.60)
gave 0.088 g (55%) of benzyl allyl ketone: NMR (CDCl;) 3.19
(d, J = 7 Hz, 2, C=CCH,C=0), 3.70 (s, 2), 4.83-5.33 (m, 1),
5.46-6.29 (m, 1), 6.97-7.57 (m, 5); IR (neat) 1705 (C=0), 1627,
984, 913 (CH==CH,) cm™; mass spectrum, m/e (relative intensity)
160.1 (parent, 6.4), 119.0 (13.5), 99.0 (7.5), 91.0 (100), 69.0 (20.3),
65.1 (13.2).

Reaction of [»-1-PhC;H,PdCl], with [CH;CONi(CO)_]Li
in the Presence of Excess Triphenylphosphine. A solution
of [#-1-PhCH PdCl], (0.22 g, 0.5 mmol) and triphenylphosphine
(1.1 g, 4.0 mmol) in THF (15 mL) was added to a solution of
[CH;CONi(CO),]Li (1.5 mmol) in ether (5 mL). Purification by
preparative layer chromatography (silica gel, 1:1 hexane-ether,
R, 0.30) gave 0.037 g (28%) of cinnamyl alcohol identical with
authentic material: NMR Sadtler No. 23; IR Sadtler No. 184.

Reaction of [r-1-PhC;H,PdCl]), with [CH;CONi(CO),]Li.
A solution of [#-1-PhC3H,PdCl], (0.26 g, 0.5 mmol) in THF (25
mL) was added to a solution of [CH;CONi(CO),]Li (1.5 mmol)
in ether (5 mL). Purification by preparative layer chromatography
(silica gel, 2:1 hexane—ether) gave 0.034 g (21%) of methyl
trans-cinnamyl ketone (R; 0.40) and 0.073 g (62%) of 1,6-di-
phenyl-1,5-hexadiene (R, 0.09).

Reaction of [w=-1-MeC;H,Pd(PPh;)]BF, with [n-
CH,CONi(CO),]Li. A solution of {#-1-MeC;H,Pd(PPhs)]BF,
(1.0 mmol) in THF (20 mL) was added to a solution of [n-
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CHyCONi(CO),]Li (1.5 mmol) in ether (5 mL). Purification by
evaporative distillation (80-90 °C (6 torr)) gave 0.098 g (70%)
of the 16:9:75 mixture of 2-nonen-5-one, 3-nonen-5-one, and 3-
methyl-1-octen-4-one, respectively. These materials were identical
with those prepared above by using acyliron chemistry.

General Procedure for Carbomethoxylation of Cinnamyl
Acetate with NaCo(CO), in the Presence of Palladium
Catalyst. To a solution of cinnamyl acetate, palladium catalyst,
and triphenylphosphine in THF cooled to ~60 °C was added to
a THF solution of NaCo(CO), (precooled to -78 °C) over 5 min
via a precooled (dry ice) syringe under a carbon monoxide at-
mosphere. The reaction mixture was slowly allowed to warm to
room temperature. The initial colorless solution gradually turned
amber above -50 °C. Methanol and diisopropylethylamine were
added at room temperature, and the mixture was stirred overnight.
After filtration, ether (100 mL) was added to the filtrate. The
ether solution was washed with aqueous 2 N HCl solution (30 mL)
and water (3 X 30 mL), dried over anhydrous magnesium sulfate,
and filtered, and the solvent concentrated on a rotary evaporator.

Reaction Using PdCl,(CH;CN), as a Catalyst. A mixture
of cinnamyl acetate (2.3 g, 13 mmol), PdCL,(CH,CN), (0.26 g, 1.0
mmol), and triphenylphosphine (1.6 g, 6.0 mmol) in THF (20 mL)
was stirred for 48 h at room temperature under a carbon monoxide
atmosphere to prepare the active catalyst, and then a solution
of NaCo(CO), (9.2 mmol) in THF (40 mL) was added to this
mixture at -60 °C. Methanol (20 mL) and diisopropylethylamine
(2.4 mL) were added. Purification by reduced pressure distillation
(90 °C (0.5 torr)) gave 1.2 g (650% based on Pd, 70% based on
cobalt) of methyl 4-phenyl-3-butenoate, in all respects identical
with material prepared by an alternate procedure.’®

Reaction Using [#-1-PhC,;H PdCl], as a Catalyst. A miz-
ture of cinnamyl acetate (0.42 g, 2.4 mmol), [#-1-PhC;H,PdCl],
(0.053 g, 0.12 mmol), and triphenylphosphine (0.25 g, 0.95 mmol)
in THF (10 mL) was stirred for 5 min at room temperature under
a carbon monoxide atmosphere, and then a solution of NaCo(CO),
(1.9 mmol) in THF (15 mL) was added to this mixture at —-60 °C,
Methano!l (10 mL) and diisopropylethylamine (0.49 mL) were
added. Purification by evaporative distillation (100-110 °C (0.5
torr)) gave 0.24 g of 88:12 mixture of methyl 4-phenyl-2-butenoate
(510% based on Pd, 64% based on cobalt) and cinnamyl acetate.

Reaction without Palladium Catalyst. A solution of Na-
Co(CO), (1.4 mmol) in THF (15 mL) was added to a solution of
cinnamyl acetate (0.22 g, 1.3 mmol) and triphenylphosphine (0.16
g, 0.63 mmol) in THF (10 mL) at -60 °C under a carbon monoxide
atmosphere. Methanol (5 mL) and diisopropylethylamine (0.24
mL) were added. Purification by preparative layer chromatog-
raphy (silica gel, 1:1 hexane-ether, R, 0.30) gave 0.13 g (80%) of
cinnamyl alcohol.

Reaction Using [v-1-PhC;H,PdCl]; as a Catalyst without
NaCo(CO),. A mixture of cinnamyl acetate (0.18 g, 1 mmol),
[w-1-PhC3H,PdCl]}, (0.022 g, 0.05 mmol), and triphenylphosphine
(0.11 g, 0.42 mmol) in THF (10 mL) was stirred overnight at room
temperature under a carbon monoxide atmosphere. Methanol
(5 mL) and diisopropylethylamine (0.17 mL) were added. Pu-
rification by evaporative distillation (100-110 °C (0.5 torr)) gave
0.10 g of 37:63 mixture of methyl 4-phenyl-3-butenoate (210%
based on Pd) and cinnamyl acetate.

Formation of [r-C;H;Co(CO),PPh;]. To a solution of allyl
acetate (0.19 mL, 1.8 mmol), [x-CsH;PdCl], (0.032 g, 0.088 mmol),
and triphenylphosphine (0.092 g, 0.35 mmol) in THF (20 mL)
cooled to —60 °C was added a solution of NaCo(CO), (1.9 mmol)
in THF (20 mL) (precooled to —78 °C) over 5 min under an argon
atmosphere. The reaction mixture was allowed to slowly warm
to room temperature and then stirred for an additional 3 h. A
solution of PPhg (0.46 g, 1.8 mmol) in THF (5 mL) was added,
and the reaction mixture was stirred overnight. The mixture was
centrifuged, and the supernatant was evaporated to dryness. The
residue was treated with a small portion of pentane, and the
insoluble compounds were removed by filtration. The filtrate was
concentrated to dryness to give 0.016 g (22%) of an orange solid,
[7-C3H;Co(CO)yPPhg] (mp 110 °C dec), whose infrared spectrum
was identical with that of the authentic material.?
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Dicyclopentadienyllutetium chloride reacts with organolithium compounds RLi [R = CH,, C.H;, i-C H,,
C4H9, t-C4H9, t-Can, CHzSi(CH3)3, CH206H5, CsH4-4-CH3, C(CSH5)3], in tetrahydrofuran at -78 °C, to
give monomeric alkyldicyclopentadienyllutetium derivatives, Cp,LuR-THF. Dicyclopentadienylsamarium
tert-butoxide, prepared from SmCl;, NaC;Hj, and sodium tert-butoxide in THF, reacts with LiCH,Si(CHs,),
with formation of dicyclopentadienyl(trimethylsilylmethyl)samarium. Analogous THF complexes,
Cp,LnR-THF, have been prepared from Cp,LnCl-THF and LiR, with Ln = Er and Yb and R = ¢-C,H,
and CH,Si(CH,), and characterized by elemental analysis and IR spectra. From the reaction of LuCl,,
NaC;Hj;, and NaBH, in THF, dicyclopentadienyllutetium tetrahydroborate has been obtained. The new
compounds have been characterized by elemental analyses and IR and NMR (*H, 13C) spectra. The structures
of the complexes (C;H;);LuCH,Si(CHy)sTHF and (C;Hj;),LuCzH -4-CHy'THF have been elucidated through
complete X-ray analyses. The crystals of the first compound are orthorhombic with @ = 1738.1 (8) pm,
b =1226.8 (3) pm, ¢ = 917.0 (3) pm, space group P2,2,2,, Z = 4, R = 0.058, and 2735 observed reflections.
The crystals of the second compound are orthorhombic with a = 1581.4 (36) pm, b = 1251.1 (11) pm, ¢
= 946.7 (19) pm, space group Pnma, Z = 4, R = 0.081, and 798 observed reflections.

Introduction

After the synthesis of the first organometallic com-
pounds of the lanthanides, the tricyclopentadienyl com-
plexes of Sc, Y, La, Ce, Pr, Nd, Sm, and Gd by Wilkinson
and Birmingham in 1954,% interest in this part of the Pe-
riodic Table increased only slowly in the next 15 years but
more and more rapidly in the last decade.? After the
symmetrical tricyclopentadienyl compounds had been
studied, attention turned to derivatives of the ionic =-
bonded cyclopentadienyl complexes. Dicyclo-
pentadienyllanthanide chlorides* and cyclopentadienyl-
lanthanide dichlorides® have been used as starting mate-
rials for the synthesis of many such derivatives.

The first homoleptic organometallic compounds of the
lanthanides with n Ln~C ¢ bonds were prepared by Hart
and co-workers in 1970,% and further work on dicyclo-
pentadienyllanthanide alkyls and aryls by Tsutsui and

(1) Part 14: Schumann, H.; Reier, F. W. J. Organomet. Chem., in
press.

(2) Wilkinson, G.; Birmingham, J. M. J. Am. Chem. Soc. 1954, 76,
6210.
(3) (a) Gysling, H.; Tsutsui, M, Adv. Organomet. Chem. 1970, 9, 361.
(b) Cotton, S. A. J. Organomet. Chem. Libr. 1977, 3, 217. (c) Marks, T.
J. Prog. Inorg. Chem. 1978, 24, 51. (d) Schumann, H. “Organometallic
Chemistry of the f-Elements”; Marks, T. J., Fischer, R. D., Eds., D. Reidel
Publishing Co.: Dordrecht, Holland, 1979, pp 81-112.

(4) Magin, R. E., Manastyrskyi, S., Dubeck, M. J. Am. Chem. Soc.

1963, 85, 672.
(5) Manastyrskyi, S.; Magin, R. E.; Dubeck, M. Inorg. Chem. 1963, 5,

904.

(6) Hart, F. A., Massey, A. G., Saran, M. S. J. Organomet. Chem. 1970,

21, 147,
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co-workers’ initiated the extensive search for preparative
routes to new organic derivatives of these metals and for
an understanding of their structures and their chemistry.

Tsutsui’ claimed a monomeric structure, (C;Hs),Ln-R,
for these alkyl and aryl derivatives, as well as for some
other dicyclopentadienyllanthanide allyl® and alkynyl®
compounds, but without experimental support for such
formulations. In 1976, by an X-ray structural investigation
of the ytterbium compound,!! Lappert and co-workers!®
discovered that the methyl derivatives, (C;H;),LnCHs, are
dimeric, with an electron-deficient, three-center bonding
involving two lanthanide metals and a methyl bridge. A
similar methyl-bridged structure has been demonstrated
in complexes of dicyclopentadienyllanthanide alkyls with
trimethylaluminum, as shown by the same authors for
(C5H;),Yb(u-CHy),AL(CHj3),.12 A monomeric alkyl or aryl
derivative of a lanthanide metal of low coordination num-
ber and without bulky alkyl groups is known for scandium
in the case of the complex (CsH;),;ScCHg-py.!3

(7) (a) Ely, N. M.; Tsutsui, M. Inorg. Chem. 1975, 14, 2680. (b)
Tsutsui, M.; Ely, N. M. J. Am. Chem. Soc. 1975, 97, 1280.

(8) Tsutsui, M.; Ely, N. M. J. Am. Chem. Soc. 1975, 97, 3551.

(9) Tsutsui, M.; Ely, N, M. J. Am. Chem. Soc. 1974, 96, 4042.

(10) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood,
J. L.; Hunter, W. E. J. Chem. Soc., Chem. Commun. 1976, 480.

(11) Holton, J.; Lappert, M. F.; Ballard, D. G. H.; Pearce, R.; Atwood,
J. L.; Hunter, W. E.; J. Chem. Soc., Dalton Trans. 1979, 54.

(12) Atwood, J. L.; Hunter, W. E.; Rogers, R. D.; Holton, J.;
McMeeking, J.; Pearce, R.; Lappert, M. F. J. Chem. Soc., Chem. Com-
mun. 1978, 140,

(13) Atwood, J. L.; Burns, J. H.; Lauberau, P. G. J. Am. Chem. Soc.
1973, 95, 1830.
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We have now found that dicyclopentadienyllutetium
alkyl and aryl complexes are monomeric in tetrahydro-
furan.!* We have undertaken single-crystal X-ray dif-
fraction studies of two of this derivatives.!4!* 'H and 1°C
NMR spectra of the complexes have been recorded, and
some interesting features are presented. The synthesis and
X-ray structural investigation of the tert-butyl derivatives
has been published in the meantime.!817

Experimental Section

All reactions and preparations were performed by using Schlenk
tubes in an atmosphere of dried, oxygen-free argon. The solvents
used were dried and freed of oxygen by refluxing and keeping
over NaH or potassium and distillation under argon prior to use.
Anhydrous SmCl;, YbClg, and LuCl, were prepared from the pure
oxides by reaction with NH,C1.!* Dicyclopentadienylsamarium
chloride, dicyclopentadienylyltterbium chloride, and dicyclo-
pentadienyllutetium chloride were prepared by reaction of the
corresponding anhydrous chlorides with NaCsH; in pure tetra-
hydrofuran.* Melting points were determined in sealed, argon-
filled capillaries. Elemental analyses were performed by Malissa
and Reuter, Microanalytical Laboratory in Elbach, West Germany.
Because these compounds are extremely sensitive toward moisture
and air, the commercial analyses were mostly unsatisfactory.'®
Metal analyses have been done gravimetrically by precipitating
the lanthanides as their oxalates and burning them to the oxides.
Molecular weights were determined cryoscopically in benzene.

Infrared spectra were recorded as paraffin or poly(chlorotri-
fluoroethylene) mulls between CsI plates, using a Perkin-Elmer
580 B (200-4000 cm™) spectrometer. H NMR spectra were
obtained in sealed 5-mm tubes on Varian EM 360, XL 100, and
Bruker WP 80, WH 270, and WH 400 instruments and *C NMR
spectra in sealed 10-mm tubes on a Bruker WP 80 instrument.
We thank M. Detlaff for recording the spectra.

Methyldicyclopentadienyllutetium (2). Into a Schlenk tube
with a connected NMR tube was placed 0.387 g (0.8 mmol) of
(CsHg)oLuCl:(THF), (1), and 10 mL of tetrahydrofuran was added.
The tube was cooled to -78 °C and 0.5 mL of a freshly prepared,
1.6 M solution of methyllithium in diethyl ether was added slowly.
After being stirred for 30 min, the reaction mixture was allowed
to warm to 0 °C, and the solvent was distilled away. After addition
of 2 mL of benzene-dg at 10 °C, the clear solution was decanted
into the NMR tube which was sealed off. The NMR spectra then
were recorded. The yield of the product and analyses have not
been determined because the decomposition point was below 20
-]

C.

Ethyldicyclopentadienyllutetium (3). This product was
prepared from 1.256 g (2.6 mmol) of 1 in 10 mL of tetrahydrofuran
and 7.8 mL of a 0.33 M solution of ethyllithium in pentane by
using the procedure described above. The compound was not
isolated because its decomposition point was below 20 °C, but
its NMR spectrum in CgDg was recorded.

Isopropyldicyclopentadienyllutetium (4). A mixture of
0.775 g (1.6 mmol) of 1 in 10 mL of tetrahydrofuran and 3.3 mL
of a 0.46 M solution of isopropyllithium in pentane gave the title
compound when this procedure was used. The NMR spectra of
the clear CgDg solution which resulted were then measured. The
decomposition point of the product is below 20 °C.

(14) Schumann, H.; Genthe, W. Proceedings of the 2nd Chemical
Congress on the North American Continent, Las Vegas, NV, 1980.

(15) Schumann, H.; Genthe, W.; Bruncks, N. Angew. Chem. 1981, 93,
126; Angew. Chem., Int. Ed. Engl. 1981, 20, 120.

(16) Evans, W. J.; Wayda, A. L.; Hunter, W. E.; Atwood, J. L. J. Chem.
Soc., Chem. Commun. 1981, 292,

(17) Some other tert-butyldicyclopentadienyllutetium complexes have
been reported while this manuscript was being written: Evans, W. J.;
Meadow, J. H.; Wayda, A. L.; Hunter, W. E.; Atwood, J. L. J. Am. Chem.
Soc. 1982, 104, 2008. We thank W.J.E. for sending a preprint.

(18) Brauer, G. “Handbuch der Praparativen Anorganischen Chemie”;
F. Enke Verlag: Stuttgart 1962; Vol. 2, p 1002.

(19) Combustion carbon and hydrogen analysis is difficult for or-
ganometallic compounds of the f elements. Our poor results are in ac-
cordance with the same problem as reported by some other authors.”2:2

(20) Hodgson, K. O.; Mares, F.; Starks, D. F.; Streitwieser, A. J. Am.
Chem. Soc. 1978, 95, 8650.

(21) Marks, T. J.; Grynkewich, G. W. Inorg. Chem. 1976, 15, 1302,
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Butyldicyclopentadienyllutetium (5). A mixture of 0.396
g (0.8 mmol) of 1 in 10 mL of tetrahydrofuran and 1.96 mL of
a 0.417 M solution of butyllithium in pentane gave in the same
way as above a clear solution of the product in C¢gDg. Decom-
position point was <20 °C.
tert-Butyldicyclopentadienyllutetium-Tetrahydrofuran
(6). To a slurry of 5.53 g (19.7 mmol) of LuCl; in 50 mL of
tetrahydrofuran at room temperature was added 15.3 mL of a
2.578 M solution of NaCzH; (39.4 mmol) in tetrahydrofuran. The
mixture was stirred for 2 h and cooled to -78 °C. After addition
of 12.4 mL of a 1.6 M solution of tert-butyllithium in pentane
and stirring for 6 h at 78 °C, the solution was warmed to room
temperature. Volatile materials were removed, and the residue
was extracted with toluene (8 X 200 mL). The toluene solution
was evaporated at reduced pressure, and the residue was washed
with pentane-diethyl ether (20:1). A white crystalline powder
remained after filtration and drying: yield 7.3 g (856%) of (Cs-
H;),LuC(CHj,)3(C;Hg0); dec pt 70-80 °C; IR (Nujol-poly-
(chlortrifluorethylene) oil; cm™) 3775 (m), 3097 (w), 3080 (w), 2960
(sh), 2940 (s), 2905 (s), 2860 (sh), 2780 (m), 2740 (m), 2680 (m),
1778 (br), 1660 (br), 1550 (br), 1490 (w), 1460 (w), 1440 (m), 1375
(m), 1350 (w), 1300 (w), 1264 (w), 1250 (w), 1175 (m), 1138 (w),
1080 (w), 1070 (w), 1045 (sh), 1015 (vs), 930 (w), 925 (w), 868 (s),
852 (s), 785 (vs), 742 (sh), 675 (m), 630 (w), 580 (w), 512 (m), 498
(m), 445 (br), 398 (br), 240 (br). Anal. Caled for C;gHyLuO: C,
49.77; H, 6.27; Lu, 40.28. Found: C, 45.45; H, 5.24; Lu, 40.18.
Neopentyldicyclopentadienyllutetium-Tetrahydrofuran
(7). In an analogous manner to that described for 6, 2.81 g (10
mmol) of LuCl; in 50 mL of tetrahydrofuran, 7.8 mL of a 2.54
M solution of NaCzHj in tetrahydrofuran, and 21.4 mL of a 0.467
M solution of neopentyllithium in pentane yielded 3.64 g (81%)
of (C5H5)2LUCH20(CHs)s'(C4H30) (7): dec pt 90-100 °C; IR
(Nujol-poly(chlortrifluorethylene) oil; cm™) 8560 (m), 3094 (w),
3078 (w), 2962 (s), 2938 (s), 2900 (sh), 2870 (sh), 2735 (m) 2420
(w), 1772 (br), 1662 (br), 1558 (br), 1520 (w), 1490 (m), 1432 (w),
1400 (m), 1350 (s), 1300 (w), 1265 (m), 1250 (w), 1230 (m), 1208
(m), 1179 (m), 1140 (w), 1080 (w), 1070 (w), 1040 (w), 1015 (vw),
932 (m), 920 (w), 902 (w), 890 (w), 860 (s), 848 (s), 785 (vs) 745
(sh), 672 (w), 626 (w), 578 (w), 498 (m), 450 (br), 390 (br), 370
(w), 250 (m), 210 (m). Anal. Caled for C;gHqLuO: C, 50.89; H,
6.52; Lu, 39.02. Found: C, 43.51; H, 4.86; Lu, 40.17.
((Trimethylsilyl)methyl)dicyclopentadienyllutetium-
Tetrahydrofuran (8). In an analogous manner to that described
for 6, 3.33 g (11.8 mmol) of LuCly in 50 mL of tetrahydrofruan,
9.2 mL of a 2.578 M solution of NaCgHj in tetrahydrofuran, and
16 mL of a 0.756 M solution of LiCH,Si(CHj); in pentane yielded
4.98 g (91%) of yellowish needles of (CsHj),LuCH,Si(CHj)s:
(C.HgO) (8): dec pt 100-110 °C; IR (Nujol-poly(chlortrifluor-
ethylene) oil; em™) 8570 (m), 3090 (w), 2945 (s), 2900 (sh), 2865
(m), 2815 (m), 2740 (m), 1775 (br), 1662 (br), 1562 (br), 1447 (s),
1370 (m), 1350 (m), 1308 (w), 1253 (m), 1240 (m), 1180 (w), 1040
(sh), 1020 (s), 920 (w), 860 (s), 785 (vs), 728 (m), 672 (m), 578 (w),
510 (m), 450 (w), 408 (m), 390 (m), 250 (w). Anal. Caled for
C1sHyLuOSi: C, 46.54; H, 6.29; Lu, 37.67. Found: C, 46.27; H,
6.09; Lu, 37.96 (mol. wt., 502 (caled 465)).
Benzyldicyclopentadienyllutetium-Tetrahydrofuran (9).
In an analogous manner to that described for 6, 2.58 g (9.2 mmol)
of LuCl, in 50 mL of tetrahydrofuran, 7.2 mL of a 2.54 M solution
of NaCgH; in tetrahydrofuran, and a solution of 2.24 g (9.2 mmol)
of LiCH,CgHg(THF), in 50 mL of tetrahydrofuran yield 3.73 g
(87%) of crystalline (CsH;);LuCH,CsHz(C,HgO) (9): dec pt
100-110 °C; IR (Nujol-poly(chlortrifluorethylene) oil; cm™) 3560
(m), 3085 (w), 3060 (m), 2978 (s), 2950 (sh), 2880 (st), 2718 (w),
2418 (w), 1763 (br), 1658 (br), 1590 (vs) 1565 (br), 1495 (m), 1475
(s), 1460 (m), 1442 (m), 1348 (m), 1300 (w), 1282 (w), 1252 (m),
1228 (sh), 1215 (vs), 1175 (s), 1142 (m), 1120 (w), 1104 (w), 1069
(w), 1042 (sh), 1012 (vs), 975 (m), 945 (vs), 920 (w), 882 (w), 860
(s), 848 (s), 825 (w), 800 (sh), 780 (vs), 750 (sh), 730 (sh), 702 (s),
680 (sh), 620 (w), 550 (m), 525 (m), 490 (m), 470 (m) 440 (br), 390
(m), 250 (w). Anal. Calcd for CyH,:LuO: C, 53.85; H, 5.38; Lu,
37.36. Found: C, 52.71; H, 4.78; Lu, 37.80.
p-Tolyldicyclopentadienyllutetium-Tetrahydrofuran
(10). In an analogous manner to that described for 6, 2.94 g (10.44
mmol) of LuCl; in 50 mL of tetrahydrofuran, 8.2 mL of a 2.54
M solution of NaCgHj in tetrahydrofuran, and 22.7 mL of a 0.46
M solution of p-tolyllithiium in diethyl ether yielded 3.62 g (74%)
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of crystalline (CgHg),LuCgH,-4-CHy-(CHgO) (10): dec pt 110-120
°C; IR (Nujol-poly(chlortrifluorethylene) oil; em™) 8575 (m), 3098
(w), 3080 (w), 3030 (m), 2995 (s), 2950 (s), 2900 (s), 2840 (sh), 2720
(m), 2422 (w), 2278 (w), 2080 (w), 1905 (w), 1770 (br), 1660 (br),
1590 (w), 1554 (br), 1445 (sh), 1432 (sh), 1420 (m), 1350 (m), 1300
w, 1250 (w), 1240 (w), 1228 (m), 1195 (s), 1175 (m), 1140 (w), 1070
(w), 1040 (sh), 1015 (vs), 938 (w), 920 (w), 870 (w), 860 (s), 850
(s), 795 (sh), 785 (vs), 755 (sh), 680 (w), 630 (w), 580 (w), 552 (m),
510 (m), 482 (s), 450 (br), 390 (w), 250 (w). Anal. Calecd for
CyiHysLuO: C, 53.85; H, 5.38; Lu, 37.36. Found: C, 53.80; H,
5.18; Lu, 37.65 (mol wt, 481 (calcd 468)).

Attempted Preparation of Trityldicyclopentadienyl-
lutetium (11). A 1.92-g (6.82-mmol) sample of LuCl; was sus-
pended in 50 mL of tetrahydrofuran, and 5.4 mL of a 2.54 M
solution of NaCsH; in tetrahydrofuran was added at room tem-
perature with stirring for 2 h, After addition of 162 mL of a 0.042
M solution of NaC(CgHj); in tetrahydrofuran and 12 h of stirring
at room temperature, the solvents were removed under reduced
pressure and the residue was extracted with tetrahydrofuran and
washed with pentane. The red-yellow precipitate could not be
freed from impurities and was not characterized.

Dicyclopentadienyl(tetrahydroborato)lutetium-Tetra-
hydrofuran (12). A 1.42-g (5.04 mmol) sample of LuCl; was
dissolved in 50 mL of tetrahydrofuran, and 88 mL of a 1.14 M
solution of NaCgHj in tetrahydrofuran was added. After 2 h of
stirring at room temperature, 0.28 g (7.4 mmol) of NaBH, was
added quickly to the solution. The reaction mixture was stirred
for 3 days at room temperature, after which time it was filtered
and the tetrahydrofuran was removed in vacuo. The reaction
product was extracted with tetrahydrofuran, dried, and dissolved
in ether. After this etheral solution was cooled to -35 °C, colorless
crystals precipitated, which were filtered, washed with pentane,
and dried in vacuo: yield 1.4 g (72%); IR (Nujol-poly(chlortri-
fluorethylene) oil; cm™) 3102 (w), 3080 (w), 2400 (s), 2360 (s), 2180
(m), 2140 (m), 1785 (br), 1680 (br), 1445 (m), 1350 (s), 1265 (br),
1180 (w), 1125 (s}, 1045 (w), 1015 (s), 922 (w), 865 (s), 855 (s), 850
(s), 810 (vs), 795 (vs), 785 (vs), 775 (sh), 730 (br), 375 (br), 260
(br). Anal. Caled for C; Hp,BLuO: C, 44.88; H, 5.65; Lu, 44.62.
Found: C, 42.62; H, 5.55; Lu, 44.91.

tert-Butoxydicyclopentadienylsamarium (13). A 11.4-g
(30-mmol) sample of SmCls:(THF), ¢ was placed in a 250-mL
three-necked flask under argon, and 100 mL of tetrahydrofuran
was added. After addition of a solution of 5.62 g (63 mmol) of
NaC;H; in 50 mL of tetrahydrofuran in 2 h of stirring at room
temperature, 2.96 g (31 mmol) of freshly sublimed sodium tert-
butoxide was added at 0 °C. The reaction mixture was stirred
at 0 °C for 5 h and then warmed to room temperature, and the
solvent was removed in vacuo. The resulting solid was extracted
three times with 80 mL of toluene, yielding 8.41 g (78%) of a
colorless solid, which was washed with pentane and dried in vacuo:
IR (Nujol-poly(chlortrifluorethylene) oil; cm™) 1240 (sh), 1225
(m), 1200 (s), 1115 (s), 990 (s), 930 (s), 895 (m), 860 (w), 835 (w),
775 (8), 765 (8), 755 (s), 525 (m), 500 (m), 475 (m), 390 (m), 355
(w). Anal. Caled for C;,H;yOSm: Sm, 43.17. Found: Sm, 42.43.

{((Trimethylsilyl)methyl)dicyclopentadienylsamarium
(8¢). A 0.78-g (2.1-mmol) sample of 13 was suspended in 40 mL
of toluene and cooled to —78 °C, and 1.4 mL of a 1.6 M solution
of LiCH,Si(CHjy); in tetrahydrofuran (2.24 mmol) was added with
a dropping funnel. After 1 h of stirring, the mixture was warmed
to room temperature. The colorless precipitate was filtered and
extracted with toluene, and the collected toluene solutions gave
the product after removal of solvent in vacuo. After the mixture
was washed twice with pentane and dried, the yield was 0.61 g
(78%): IR (Nujol-poly(chlortrifluorethylene) oil; cm™) 1525 (w),
1250 (m), 1200 (s), 1170 (s), 1010 (m), 960 (br), 900 (m), 860 (m),
840 (sh), 800 (sh), 790 (sh), 780 (sh), 765 (s), 755 (s), 505 (br), 390
(br). Anal. Calcd for C,H,,SiSm: Sm, 41.53. Found: Sm, 41.45.

((Trimethylsilyl)methyl)dicyclopentadienylerbium-
Tetrahydrofuran (8b). A 3.37-g (8.2-mmol) sample of (Cs-
H;),ErCl.(THF) in 50 mL of toluene and 4.7 mL of a 1.75 M
solution of LiCH,Si(CHjy), in pentane (8.2 mmol) were allowed
to react as described above (3 h of stirring at —78 °C). After being
warmed to room temperature, the mixture was filtered and the
residue extracted with 150 mL of benzene. The combined extracts
were concentrated, yielding a light brown product, which did not
contain lithium and chlorine: yield 1.2 g (32%); IR (Nujol-
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Table I. Crystal Data and Data Collection Details for
Compounds (C,H,),LuCH,Si(CH,),"(C,H,0) (8) and
(CsHs )2LucsH4'4'CH3'(C4HaO) (10)

8 10
formula C,H,,LuOSi C,,H,;Lu0O
mol weight, amu 464.51 468.42
space group P2,2,2, (No. 19) Pnma (No. 62)
a, pm 1738.1(8) 1581.4 (386)
b, pm 1226.8 (3) 1251.1 (11)
¢, pm 917.0 (3) 946.7 (18)
vol, nm? 1.955 (4) 1.873 (6)

VA 4 4
p(caled), g/em? 1.58 1.66
radiation; A, pm Mo Ku; 71.069 Mo Ka; 71.069
abs coeff, cm™! 53.6 55.4
monochromator graphite graphite
method w=26 w-26
scan speed variable variable
two stds after each

50 refletns
26 limit, deg 5< 20 < 60 5< 20 < 40
no. of refletns 3345 1145
refletns obsd 2735,1> 30(I) 798,1> 20(I)
data collectn temp, K 293 170
R =Z||F,— |Fll/ 0.058 0.081

ZIF,

poly(chlortrifluorethylene) oil; cm™) 1260 {m), 1070 {(sh), 1050
(br), 1010 (s), 940 (w), 890 (w), 855 (m), 836 (m), 785 (sh), 770
(s), 695 (w), 665 (8), 520 (s), 380 (br). Anal. Calcd for C;gHyErOSi:
Er, 36.63. Found: Er, 36.64.

tert-Butyldicyclopentadienylerbium-Tetrahydrofuran
(6b). A 4.02-g (9.93-mmol) sample of (C;Hg),ErCl.(THF) and 7.4
mL of a 1.35 M solution of LiC(CHj); in pentane (9.93 mmol) gave
as above 0.83 g (20%) of (CsH;),ErC(CH;)s(THF): IR (Nujol-
poly(chlortrifluorethylene) oil; cm™) 1315 (w), 1245 (w), 1195 (w),
1180 (w), 1040 (s), 1010 (s), 975 (sh), 915 (w), 890 (w), 775 (s), 520
(br), 390 (br). Anal. Caled for C;sHy;ErO: Er, 39.21. Found:
Er, 40.1.

((Trimethylsilyl)methyl)dicyclopentadienylytterbium—
Tetrahydrofuran (8a). In an analogous manner, 7.71 g (17
mmol) of (CsH;),YbCL(THF), g and 14.17 mL of a 1.2 M solution
of LiCH,Si(CHjy); in pentane (17 mmol) yielded 2.43 g (31%) of
red-brown (CzH;),YbCH,Si(CHg)s:(THF): IR (Nujol-poly-
(chlortrifluorethylene) oil; em™) 1250 (w), 1170 (w), 1100 (m), 1010
(s), 960 (sh), 900 (sh), 780 (s), 695 (m), 380 (br). Anal. Calcd for
C1sH2g08iYh: Yb, 37.41. Found: Yb, 37.49.

tert-Butyldicyclopentadienylytterbium-Tetrahydrofuran
(6a). In an analogous manner, 5.48 g (12.1 mmol) of (CsHj),-
YbCl-(THF), s and 8.0 mL of a 1.45 M solution of LiC(CHy); in
pentane (11.6 mmol) yielded 1.3 g (15%) of orange (CsH;),YbC-
(CH3)s«(THF): IR (Nujol-poly(chlortrifluorethylene) oil; cm™)
1315 (w), 1300 (w), 1245 (w), 1195 (w), 1040 (s), 1010 (s), 975 (sh),
955 (w), 915 (w), 890 (w), 775 (s), 520 (br), 390 (br). Anal. Caled
for C;gHy,0Yb: Yb, 40.03. Found: Yb, 39.68.

Quantitative Hydrolysis of 8a. In a Schlenk tube, which
was connected to a NMR tube, was placed 0.79 g (1.8 mmol) of
8a dissolved in 0.2 mL of benzene. The NMR tube contained
0.8 mL of water; this then was distilled into the Schlenk tube.
This reaction mixture was then frozen, and 2 g of Na,S0, was
added. After the Schlenk tube was warmed and the NMR tube
was frozen in liquid nitrogen, the volatile compounds were distilled
into the NMR tube. Integration of the signals in the 'TH NMR
spectrum gave Si(CHy) :CsHg:C HO in a 1:2.13:1.22 ratio.

X-ray Analysis of 8 and 10. A colorless crystal of 8 with the
dimensions 0.3 X 0.2 X 0.4 mm was placed in a thin-walled glass
capillary and sealed under argon. Final lattice parameters were
determined from a least-squares refinement of the angular settings
of 15 strong, accurately centered reflections on a Syntex P2,
diffractometer. The same procedure was followed with a 0.1 X
0.4 X 0.4 mm colorless crystal of 10. The crystal data and some
data collection details are given in Table I. The observed re-
flections were corrected for Lorentz and polarization effects but
not for absorption. Atomic scattering factors and anomalous
dispersion terms for the lutetium and silicon atoms in 8 were taken
from ref 22.
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Table I1. Positional Parameters for Table III. Positional Parameters for

(C,H,),LuCH,Si(CH,),(C,H,0) (8) (C,H,),LuC H,-4-CH, (C,H,0) (10)
atom x/a ¥/b z/c atom x/a y/b z/c
Lu 0.1480 (1) 0.2413 (1) 0.0771 (1) Lu 0.3186 (1) 0.25 0.1004 (2)
Si 0.0053 (3) 0.1484 (4) —~0.2160 (6) o) 0.2110 (15) 0.25 0.2574 (27)
0 0.2374 (5) 0.2403 (8) -0.1060 (11) C(1) 0.2814 (21) 0.1162 (28) —~0.0960 (40)
C(1) 0.0388 (9) 0.2456 (12)  —0.0787 (22) C(2) 0.3708 (20) 0.1147 (25) —0.0887 (35)
C(2) -0.0624 (15)  0.0488(22)  —0.1332(33) C(3) 0.3893 (20) 0.0681 (26) 0.0414 (33)
C(3) -0.0473 (21) 0.2194 (20)  -0.3638 (32) C(4) 0.3141 (20) 0.0430 (25) 0.1013 (35)
C(4) 0.0796 (15) 0.0592 (22)  -0.3023 (29) C(5) 0.2489 (23) 0.0725 (27) 0.0213 (36)
C(5) 0.2234 (10) ~ 0.3003(19)  —0.2438(20) C(ll) 0.5073 (34) 0.25 0.5499 (49)
C(6) 0.3164 (11) 0.1976 (19)  —0.1066 (23) C(12) 0.4881 (35) 0.3397 (45) 0.4949 (61)
C(7) 0.3548 (12) 0.2519 (20)  —0.2344 (24) C(13) 0.4376 (29) 0.3370 (40) 0.83634 (48)
C(8) 0.2928 (13) 0.2674 (16)  —-0.3367 (286) C(14) 0.4158 (23) 0.25 0.2892 (40)
C(10) 0.2165 (11) 0.4327 (14) 0.1062 (25) C(15) 0.5579 (34) 0.25 0.6952 (50)
C(11) 0.1376 (18) 0.4546 (13) 0.0690 (39) C(20) 0.2165 (33) 0.3260 (43) 0.3745 (55)
C(12) 0.0890 (21) 0.4189 (19) 0.1841 (44) C(21) 0.1764 (31) 0.25 0.4978 (51)
C(13) 0.1400 (19) 0.3799 (22) 0.2900 (31) Cc(22) 0.1037 (30) 0.2048 (37) 0.4306 (48)
C(14) 0.2127 (15) 0.3885 (18) 0.2457 (39) C(23) 0.1447 (33) 0.1686 (43) 0.2916 (56)
C(20) 0.1127 (21) 0.0397 (17) 0.1187 (43)
Sg;; 8%223 ggg 8:833; E%;g 82822 gig; furan wjth sodiun} cyclop.entadienide.in the m?lar ratio
C(23) 0.1690 (18) 0.1153 (22) 0.3012 (24) O.f 1:2 with formatl.on of dlf:yclopentadlergyllu.tet_lum chlo-
C(24) 0.0980 (14) 0.0920 (18) 0.2541 (37) ride (1). The reaction of this compound with lithium alkyls

Solution and Refinement of the Structures. A three-di-
mensional Patterson synthesis yielded the positional parameters
of the lutetium and the silicon atom in 8. Successive Fourier and
difference Fourier synthesis showed the positions of all the other
non-hydrogen atoms. The structure was refined by the use of
the full-matrix least squares using the SHELX program.®® The
minimized function is T w(|F,| — |F)? where w is the weight
assigned to the F, values according to the expression w = 1/6(F,)%
The hydrogen atoms of the cyclopentadienyl groups were intro-
duced in calculated positions with an overall temperature factor
U = 600 pm? and were not refined. Their positions were varied
in every cycle on the basis of the shift of the carbon atoms (the
C-H distance was fizxed at 108 pm). Anisotropic temperature
factors were used for all non-hydrogen atoms. The final R factor
was 0.058. A AF Fourier synthesis, calculated at the end of the
refinement, showed no anomalies.

The systematical extinctions of the reflections and the existence
of four molecules in the unit cell of 10 implied a space group of
Pn2,a (nonstandard for Pna2,, No. 33) or Pnma. In the latter
case the molecule should have a mirror plane. This seemed to
be improbable because of the tetrahydrofuran ligand in the
molecule. Therefore Pna2, was first tried.

The three-dimensional Patterson-synthesis yielded the postions
of Lu and O, and successive Fourier and difference Fourier
synthesis with the same full-matrix least-squares refinement gave
the positions of the carbon atoms. Some peaks of additional
electron density were found in proximity of the tetrahydrofuran
ligand, which can be assigned to carbon atoms at a distance of
100 pm from the located tetrahydrofuran carbons. Refinement
using the space group Pnma gave the final structure. The tet-
rahydrofuran ligand is located with O and C21 on the crystallo-
graphic mirror plane; the other carbons are beyond this plane with
a weighting factor of 0.5. The hydrogens were included in cal-
culated positions, using C-H bond distances of 108 pm. The
lutetium atom was refined with anisotropic thermal parameters,
and C and O atoms were refined with isotropic parameters. The
final R factor was 0.081; a final difference Fourier synthesis did
not show any remarkable features.

The final values of the parameters for 8 and 10 are reported
in Tables IT and ITII. Observed and calculated structure factors
are available as supplementary material.

Results and Discussion

Synthesis of Alkyldicyclopentadienyllanthanide
Complexes. Lutetium trichloride reacts in tetrahydro-

(22) Cromer, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Tables 2.2.A and 2.3.1.

(23) Sheldrick, G. M. “SHELX-76 System of Programs”, 1976.

at =78 °C gave the appropriate monomeric alkyldicyclo-
pentadienyllutetium derivatives (eq 1 and 2).

LuCl, + 2NaCH, —r (CsH)LuCL(THF) + 2NaCl

(1
(CsH,),LuCL(THF) + LiR —78—00»
(CsH,);Lu-R-(THF) + LiCl (2)

2-10
Dicyclopentadienylyltterbium chloride (1a) and di-
cyclopentadienylerbium chloride (1b) react in the same
way with lithium tert-butyl as well as with LiCH,Si(CH,),
with formation of the corresponding ytterbium complexes

6a and 8a, as well as the erbium compounds 6b and 8b (eq
3 and 4).

(CsHy),YbCL-(THF) + LiR ——
la
(CsHy),Yb-R-(THF) + LiCl (3)
6a, 8a

(CsHy),ErCL(THF) + LiR ——
1b
(C5H5)2ET—R‘(THF) + LiCl (4)
b

)

The reaction of 1 with NaC(Cg¢H;); in tetrahydrofuran
did not yield a pure product. The red-yellow precipitate
obtained could not be isolated in a pure state.

Interaction of samarium trichloride with sodium cyclo-
pentadienide in tetrahydrofuran, followed by reaction with
freshly prepared sodium tert-butoxide at 0 °C, gave col-
orless dicyclopentadienyl-tert-butoxysamarium (13), which
gives in toluene the solvent-free ((trimethylsilyl)methyl)-
dicyclopentadienylsamarium complex upon reaction with
the appropriate lithium alkyl (eq 5 and 6).

SmCl, + 2NaCyH, + NaOC(CHjy); ——r

toluene

(C5H5)Qsml—300(CH3)3 + LiCHzSi(CH3)3
(C5H5)ZSmECH28i(CH3)3+ LiOC(CHjy); (6)

c
The air-sensitive complexes are colored except for the

lutetium compounds which are colorless (see Table IV) and
were obtained as crystalline powders after extraction with
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Table IV. Yields, Colors, and Decomposition Points for
Compounds (C,;H.),LnR-(THF)

yield, dec pt,
Ln R ) color °C
Lu CH, 2 colorless <20
Lu C,H, 3 colorless <20
Lu CH(CH,), 4 colorless <20
Lu CH,CH,CH,CH, 5 colorless <20
Lu C(CH,), 6 85 colorless 70-80
Lu CH,C(CH,), 7 81 colorless 90-100
Lu CH,Si(CH,), 8 91 colorless 100-110
Lu CH,CH, 9 87 colorless 100-110
Lu C,H,-4-CH, 10 74 colorless 110-120
Lu BH, 12 72 colorless 70-80
Yb C(CH,), 6a 25 orange 40-50
Yb CH,Si(CH,), 8a 31 red-brown 40-50
Er C(CH,), 6b 20 light brown >40
Er CH,Si(CH,), 8b 32 light brown >50
Sm OC(CH,),® 13 78 colorless <50

Sm CH,Si(CH,),"  8c 78
4 Without coordinated THF.

colorless <50

benzene or toluene and subsequent crystallization from
pentane-ether. They are soluble in benzene, toluene, and
tetrahydrofuran but insoluble in saturated hydrocarbon
solvents. The thermal stability depends upon the par-
ticular lanthanide metal as well as on the alkyl ligand.
Whereas the ytterbium compounds 6a and 8a decompose
below 50 °C possibly because of the low redox potential
Yb3* /Yb?*, the lutetium and erbium compounds show a
much higher thermal stability, depending on the nature
of the o-bonded alkyl ligand. The lower alkyl derivatives
with R = methyl, ethyl, isopropyl, and n-butyl are not
stable above room temperature. They could be detected
only by NMR spectroscopy. An increase of thermal sta-
bility is observed with bulky alkyl ligands as well as with
alkyl ligands without hydrogen atoms in the 8-position of
the lanthanide metal, e.g. 7-9.

Interaction of dicyclopentadienyllutetium chloride and
sodium borohydride in tetrahydrofuran gave the boro-
hydride 12, which may be isolated as colorless crystals and
which is similar to the corresponding samarium, erbium,
and ytterbium derivatives? (eq 7).

LuCl; + 2NaCyH; + NaBH, ——

{Cal{s,)zLuleH,,-(THF) + 3NaCl (7)

The compound loses tetrahydrofuran upon heating. It
shows the expected bands for the cyclopentadienyl moiety
in the IR spectrum,?! as well as bands at 2360 and 2400
em™ for »(BH,), 2140 and 2180 cm™ for »(BH,,), 1265 cm™
for the bridge stretch, and 1125 cm™ for the BH, defor-
mation vibration, consistent with bidentate coordination
of the BH,™ group to the lutetium.

The proton NMR spectrum shows at room temperature
a singlet at 6.14 ppm (C;H;) and two multiplets at 3.28 and
1.11 ppm (THF) besides a 1:1:1:1 quartet at 1.07 ppm with
J(BH) = 84 Hz (A/2 = 8 Hz) for the BH, ligand. Such
broad signals are representative for organometallic borates
of this type with fluxional BH, groups.? The *C NMR
spectrum shows three peaks at 110.7 ppm (C;H;), 73.6
ppm, and 25.5 ppm (THF) relative to tetramethylsilane.

Spectroscopic Characterization. Organolanthanides
with the lanthanide elements in oxidation state +3 are
paramagnetic, except those of lanthanum (f°) and lutetium
(f'4). 'H and *C NMR investigations were carried out on
the diamagnetic lutetium derivatives. In addition, Table

(24) James, B. D., Nand, R. K., Wallbridge, M. G. H. J. Chem. Soc.
A 1966, 182.
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Figure 1. oRTEP drawing of the molecule (C;H;),LuCH,Si(C-
Hj);(THF) (8; hydrogen atoms omitted). The 50% probability
thermal vibration ellipsoids are drawn.

Figure 2. ORTEP drawing of the molecule (C5H;),LuCgH,-4-C-
H3(THF) (10; hydrogen atoms omitted). The 50% probability
thermal vibration ellipsoids are drawn.

V gives the 'H NMR parameters of the broadened spectra
of the ytterbium derivatives 6a and 8a, measured at room
temperature in benzene-dg solution.

The 'H NMR data for solutions of the lutetium com-
plexes in benzene-d; or toluene-dg (for compound 5) (Table
VI) are consistent with the presence of monomeric com-
plexes with n®-cyclopentadienyl rings and terminal alkyl
ligands as well as a coordinated THF ligand as shown by
its shifted signals in comparison to that of free tetra-
hydrofuran.

Room-temperature *C NMR spectra give similar
structural results (Table VII). A lutetium—-hydrogen or
lutetium—carbon coupling never could be found. The in-
frared spectra of the various compounds show the expected
vibrations for the cyclopentadienyl, tetrahydrofuran, and
alkyl ligands.”® A reliable assignment of lanthanide-
carbon bond stretching vibrations was not possible.

Molecular Structure of (C;H;),LuCH,Si(CHj),
(C,‘HSO) (8) and (05H5)3LUCQH4‘4‘CH3'(C;Hgo)‘ (10).
The molecular structure and atom numbering schemes of
compounds 8 and 10 are shown in Figures 1-3. Some
important structural parameters are listed in Table VIIL.
The structures of both compounds show that lutetium is
surrounded by a distorted tetrahedral array of the centers
of two cyclopentadienyl ligands, the oxygen atom of tet-
rahydrofuran, and the s-bonded carbon atom. This is in
agreement with the known structures of [Li(THF),][Lu-
(CeH3Me,),],% (CsH;),Gd-(THF),” and (C;H;),LuC(C-

(25) Fritz, H. P. Adv. Organomet. Chem. 1962, 1, 240.
(26) Cotton, S. A.; Hart, F. A.; Hursthouse, M. B.; Welch, A. J. J.
Chem. Soc., Chem. Commun. 1972, 1225.
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Table V. 'H NMR Spectral Data for (C,H,),YbR-(THF)“in C,D,
compd §(C.H,) 6(Hy) 5 (Hp) 5{H,},} 5 (THF)
(C,H,),YbC(CH,),-(THF) (6a) —30.30 (1300) 0.33 (25) 1.39 (80),0.97 (48)
(C;H;),YbCH,Si(CH,),-(THF) (8a) —29.92(1300) 0.16 (20) -0.11(40) 1.44 (120), 1.02 (48)

% Chemical shifts are reported in ppm from Si(CH,), ; in parentheses are the line widths at half-maximum.

Table VI. 'H NMR Spectral Data for (CH,),LuR-(THF)®in C,D,
compd 5(C,H,) 5(Hy) 5 (Hp) s(H,)  s(Hs) 8(H,) 5 (THF)
(C,H,),LuCH,-(THF) (2) 6.27 (s) —0.62 (s) 3.57 (m), 1.53 (m)
(C.H,),LuC,H,-(THF) (3) 6.17(s) 0.16 (q)®  1.77 (1) 3.41 (m), 1.41 (m)
(C.,H,),LuCH(CH,),-(THF) (4)  6.03(s)  0.22(sp)° 1.65 (t) 3.80 (m), 1.41 (m)
(C.H,),LuC,H,-(THF) (5) 6.15 (s) 0.15 (m), 1.27 (m) 3.45 (m), 1.45 (m)
(C.H,),LuC(CH,),-(THF) (6) 6.16 (s) 1.39 (s) 3.32 (m), 1.13 (m)
(C.H,),LuCH,C(CH,),«(THF) (7) 6.25(s)  0.27 (s) 1.51 (s) 3.21 (m), 1.17 (m)
(C,H,),LuCH,Si(CH,),-(THF) (8) 6.17 (s) —0.63 (s) 0.55 (s) 3.16 (m), 1.15 (m)
(C,H,),LuCH,C,H,-(THF) (9) 6.17(s)  1.97 (s) 7.45 (m), 7.37 (m), 7.17 (m)  3.27 (m), 1.24 (m)
(C,H;),LuC,H,-4-CH -(THF) (10) 6.25 (s) 7.93 (d)¢ 7.39 (d)4 2.78 (s)  3.21 (m), 1.10 (m)
(C.H,),LuBH,-(THF) (12) 6.14 (s)  1.07 (q)° 3.28 (m), 1.11 (m)
(C.H,),Lu-(THF) 6.14 (s) 3.54 (m), 1.34 (m)
(C.H,),LuCl-(THF) (1) 6.27 (s) 3.55 (m), 1.37 (m)

% Chemical shifts are reported in ppm from Si(CH,), :
b3j(HH) = 8 Hz. ©3*J(HH)= 7.6 Hz. 93J(HH) = 7 Hz.

s, singlet; d, doublet; t, triplet; q, quartet; sp, septet; m, multiplet.
°1:1:1:1 quartet, *J(BH) = 85 Hz.

Table VIL. '*C NMR Spectral Data for (C,H, ), LuR-(THF)®in C,D,
compd 5(C;H;) 8(Cy)  8(Cp)  5(Cy)  8(C5)  8(Ce) 5 (THF)
(C,H,),LuCH(CH,),-(THF)® (4) 109.6 36.4 25.4 69.7,° 25.9
(C,H,),LuC(CH,),-(THF) (6) 1113 38.6 36.8 73.8,25.9
(C,H,),LuCH,C(CH,),-(THF) (7) 110.8 37.7 62.6 38.3 72.9, 25.9
(C,H,),LuCH,Si(CH ,),-(THF) (8) 110.8 28.3 5.9 72.6, 26.0
(C.H,),LuCH,C,H_-(THF) (9) 111.4 48.6 128.9,125.7, 118.4 73.4, 26.0
(CH.).LuC H -4-CH (THF) (10)  111.8 1842  142.2 1297  134.3  22.6 73.1, 25.9
(CiH.).LuBH, (THF) (12) 110.7 73.6, 25.5
(C,H,),Lu-(THF) 111.3 74.1,30.4

¢ Chemical shifts are reported in ppm from Si(CH,), .
71.6 ppm.

Ci

[
Figure 3. PLUTO drawing and atom numbering of the non-hy-
drogen atoms of (C;H;);LuC¢H,-4-CH5.(THF) (10), showing the
two different possibilities for the tetrahydrofuran ligand in relation
to the crystallographic mirror plane.

H,)3(THF).'®*  The recently described compound
(CsMe;); YbCHg-(THF)? should have the same arrange-
ment. The cyclopentadienyl rings are n° bound to lutetium
with distances of lutetium to the centers of the coplanar
rings of 234.5 pm in 8 and 10. The tetrahydrofuran
molecule is coordinated in 8 to Lu with a bond distance
of 228.8 pm. It appears short in contrast to the known
bond lengths La—0 = 257 pm,? Gd-O = 249.4 pm,?” and

(27) Roger, R. D.; Bynum, R. vann; Atwood, J. L. J. Organomet.
Chem. 1980, 192, 65.

(28) Watson, P. L. J. Am. Chem. Soc. 1982, 104, 337.

(29) Rogers, R. D.; Atwood, J. L.; Emad, A.; Sekora, D. J.; Rausch, M.
D. J. Organomet. Chem. 1981, 216, 383.

b In toluene-d,.

¢ Splits below —~32 °C into two peaks at 67.8 and

Table VIII. Selected Bond Lengths (pm) and
Angles (Deg) for (C,H,),LuCH,Si(CH, ), (C,H,0) (8) and
(CsHs )11-‘“06 H4-4'CHJ'(CSHBO) (10)

8 10
Lu-C(1) 237.6 (17) Lu-C(14) 234.5 (39)
Lu-0 2288 (10) Lu-0 226.5 (28)
Lu-M1¢ 235 Lu-M¢ 232
Lu-M2? 234
Lu-C(10) 264.6 (18) Lu-C(1) 259.1 (40)
Lu-C(11) 262.3(17) Lu-C(2) 259.3 (35)
Lu-C(12) 259.8 (29) Lu-C(3) 260.7 (35)
Lu-C(13) 259.2 (28) Lu-C(4) 262.1(35)
Lu-C({14) 263.0 (28) Lu-C(5) 256.1 (37)
Lu-C(20) 257.6 (22)
Lu-C(21) 262.7 (22)
Lu-C(22) 257.1(29)
Lu-C(23) 259.7 (24)
Lu-C(24) 259.7 (28)
M1-Lu-M2  130.2 M-Lu-M’ 128.8
M1-Lu-O 105.7 M-Lu-0 107.2
M2-Lu-0 104.2
M1-Lu-C(1) 105.4 M-Lu-C(14) 108.5
M2-Lu-C(1) 110.9
O-Lu-C(1)  95.8(9) 0-Lu-C(14) 89.6 (12)
Lu-C(1)-Si  130.7 (8) Lu-C(14)-C(11) 169.2 (31)

@ Center of ring 1. P Center of ring 2. ¢ Center of
cyclopentadienyl ring; M’ is symmetry related to M by the
mirror plane,

Y-0 = 245.1 pm® but is in agreement with the distance
Lu-0 = 231.2 pm in (C;H;),LuC(CH,);(THF).!® In 10
there is a crystallographic mirror plane containing the
oxygen atom and C21 of the tetrahydrofuran ligand. That
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implies two possibilities for the arrangement of the tet-
rahydrofuran ring, which are statistically distributed over
the crystal. Figure 3 contains both possibilities, marked
with the different numbering of the tetrahydrofuran car-
bon atoms (C20, C22, and C23 for one ring and C20/, C22’,
and C23’ for the other one). The lutetium oxygen distance
(226.5 pm) is in the same range as in 8.

The lutetum—carbon s-bond lengths are 237.6 pm in 8
and 234.5 pm in 10, about 10 pm shorter than in [Li-
(THF)4] [LU(C6H3M62)4] with 245 pm26 and (C5H5)2LUC'
(CHy);-(THF) with 247 pm!® because of the less crowded
situation in 8 and 10 compared with that in the other two
complexes. The surprisingly large bond angle of 130.7°
at C1 in 8 is determined by the spatial requirement of the
trimethylsilyl group bound to the same carbon atom and
the cyclopentadienyl and tetrahydrofuran ligands around
lutetium. A similar large bond angle at an a-carbon atom
was noted for the surrounding of the CH, carbon in
[(CH3)3CCH2]3TaECC(CH3)3-Li(dmp).3°

Reactivity. The new compounds are extremely sensi-
tive toward moisture and oxygen. On hydrolysis all the
ligands are replaced from the lanthanides with formation
of Ln(OH);, cyclopentadiene, and the appropriate hydro-
carbon. In the case of 8, 8a, 8b, and 8¢, tetramethylsilane
can be detected in the NMR spectrum of the decompo-
sition products. All compounds decompose above 120 °C

(30) Guggenberger, L. J.; Schrock, R. R. J. Am. Chem. Soc. 1975, 97,
2935,

first with liberation of tetrahydrofuran. The tert-butyl-
lutetium complex 6 then undergoes further decomposition
via a $-elimination process, to yield 2-methylpropane and
2-methylpropene, whereas 8 gives tetramethylsilane.
Above 200 °C Lu(C;Hj;); is formed via intermediate or-
ganolutetium hydride formation.!73!
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Gas-phase core electron binding energies have been determined for [Fe(CO),],CH,, [CoMn(CO),],CH,,
(CpCoCO),CH,, (CpRhCO),CH,, and several structurally related compounds. The binding-energy data
indicate that the CH, groups in the u-CH, complexes are highly negatively charged, especially in the
manganese, cobalt and rhodium compounds. Data for Fe(CO),C,H, indicate that the CH, groups in this
compound are negatively charged but less so than in the u-CH, compounds. Data for Fes(CO),, suggest
the presence of both terminal and bridging carbonyl groups.

Introduction

In recent years several u-methylene transition metal
complexes have been prepared.2® These molecules are

(1) (a) University of California and Lawrence Berkeley Laboratory.
(b) University of Frankfurt. (c) University of Texas; deceased.

(2) Herrmann, W. A. Pure Appl. Chem. 1982, 54, 65. Herrmann, W.
A. Advan. Organomet. Chem., in press.
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E,; Balbach B.'J. Am. Chem. Soc. 1981, 103 63. HQOsg(CO)wCI-Ig (d)
Ca.lvert R. B.; Shapley, J. R. Ibid. 1977 99, 5225,

(4) Herrmann, W. A. Angew. Chem. 1982, 94, 118.

0276-7333/82/2301-1200801.25/0

of more than usual interest because they are analogs of
methylene groups adsorbed on metal surfaces in hetero-
geneous catalysis and thus they may give information
about important but poorly understood processes such as

(5) Ruthenium u-CH, compounds: Hursthouse, M. B.; Jones, R. A.;
Malik, K. M. A.; Wilkinson, G. J. Am. Chem. Soc. 1979, 101, 4128,
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(7) Pt,Cly(Ph,PCH,PPh,),CH,: Brown, M. P.; Fisher, J. R.; Franklin,
S. J.; Puddephatt, R. J.; Seddon, K. R. J. Chem. Soc., Chem. Commun.
1978, 749.

(8) [Fe(CO),],CH,: Sumner, C. E.; Riley, P. E,; Davis, R. E.; Pettit,
R. J. Am. Chem. Soc. 1980, 102, 1752,
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Table 1. Core Binding Energies (eV) of u-Methylene Compounds and Comparison Compounds

Cls O1s Mecore®
compd Eg fwhm? Eg fwhm Eg fwhm
[CpMn(CO),1,CH,  288.6 (2)° 129 (20)CH,  538.40 (15) 1.85(50)  646.12(9)  1.22 (22)
290.33 (4) 1.39 (12) Cp
291.87 (10)  1.29 (16)CO
CpMn(CO), ¢ 290.85 (3) 1.97 (7) Cp 538.90 (5)  1.45(12)  646.72(3)  1.35(8)
292.30 (7)  1.39 (12) CO
[Fe(CO), 1, 293.32 (6) 1,55 (13) 539.52(3)¢  1.80(11)  714.99(3)  1.40(9)
(Fe(CO).].CH, 289.37 (6)  1.64(15)CH,  539.69 (4)  154(9)  715.14(5) 1.19 (15)
203,42 (3) 1.46 (7) CO
Fe(CO),C,H, 290.22(5)  1.77(14) C,H,
Fe(CO).’ 20371 (5)  1.27(13) 539.96 (2)  1.38(5)  715.79 (4)  1.25(9)
(CpCoCO),CH, 288.46 (8)  1.56(20)CH,  538.59 (6)  1.63(16) 785.32(5)  1.27 (16)
290.23 (2)  1.45 (4)Cp
29223 (9)  1.56 (11) CO
CpCo(CO), 290.67 (6) 1.49 (9) Cp 539.01(7)  1.62(11)  786.25(7)  1.43(14)
292.68 (16)  2.00(22) CO
(CbRhCO),CH, 28877 (9)  L31(20)CH,  538.79(7)  1.62(19) 314.28(6)  1.47 (15)
290.29 (2) 1.56 (4) Cp
292.38 (8) 1.31(11) CO
-C,H, & 290.6
(CH,):PCH, » 288.00 CH,

@ 3d,, for Rh;2p,, for all others. ® Full-width at half-maximum. ¢ Uncertainty in last digit indicated parenthetically.
d Data from: Chen, H. W.; Jolly, W. L.; Xiang, S. F.; Butler, I. $.; Sedman, J. J. Electron Spectrosc. Relat. Phenom. 1981,

24, 121, € Deconvolutable into peaks for bridging and terminal CO groups. See text.

k Corrected datum from ref 17,
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Figure 1. Carbon 1s spectrum of [Fe(CO),],CH,.

the Fischer-Tropsch process.* To obtain information
about the electron density (and hence about the chemical
reactivity) of the methylene groups in these compounds,
we have obtained gas-phase X-ray photoelectron spectra
of four of these u-methylene compounds: [CpMn-
(CO),1,CH,, [Fe(CO)4],CH,, (CpCoCO),CH;, and
(CpRhCQ),CH,. Each of these compounds contains a
three-membered ring of the type
C
MQM

and may be looked upon as one member of a series of four
three-membered ring compounds ranging from cyclo-
propane to a trinuclear metal complex. The binding energy
of cyclopropane has been previously determined.? We
obtained the XPS spectra of Fe;(CO),, and Fe(CO),C,H,
to complete the ferracyclopropane series and to help us
interpret the data for the u-methylene compounds.

Results and Discussion

Nlustrative spectra are shown in Figures 1 and 2. Figure
1 shows the carbon 1s spectrum of [Fe(CO),];CH,; the
main peak is due to the eight CO groups, and the weak

(9) Davis, D. W.; Hollander, J. M.; Shirley, D. A.; Thomas, T. D. J.
Chem. Phys. 1970, 52, 1373.

Reference 24. € Reference 9.
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Figure 2. Carbon 1s spectrum of (CpCoCO),CH,.

peak at lower binding energy is due to the CH, group.
Figure 2 shows the carbon 1s spectrum of (CpCoCO),CH,;
the spectrum has been deconvoluted into peaks for the two
cyclopentadienyl groups, the two CO groups, and the CH,
group.

The core binding energies of the u-methylene complexes
and related compounds are listed in Table 1. Perhaps the
most significant feature of the data is that the carbon 1s
binding energies of the u-CH, groups are very low. Even
the highest u-CH, binding energy, that of [Fe(CO),],.CH,,
is 1.2 eV below the C 1s binding energy of cyclopropane,
and the lowest, that of (CpCoCO),CH,, is almost as low
as the C 1s binding energy of the CH, group in (CH,);P-
CH,; (the latter binding energy is the lowest C is binding
energy ever measured for a gaseous compound).

These data suggest that the u-CH, groups in the dinu-
clear complexes are highly negatively charged, in agree-
ment with extended Hiickel calculations® on
(CpRhCO0),CH, and CNDO!" and Fenske-Hall'? calcula-
tions on [CpMn(CO),],CH,. However, one must be cau-
tious in the interpretation of atomic core binding energy

(10) Hofmann, P. Angew. Chem,, Int. Ed. Engl. 1979, 18, 554.

(11) Granozzi, G.; Tondello, E.; Casarin, M.; Ajo, D. Inorg. Chim. Acta
1981, 48, 73.

(12) Calabro, D. C.; Lichtenberger, D. L.; Herrmann, W. A, J. Am.
Chem. Soc. 1981, 103, 6852.
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Table II. Calculated Charges on CH, Groups, from C 1s
Binding Energies and the Potential Equation

charge on CH, group

using using assuming

compd AEgR (1/2)aEg AER =0
[Fe(CO),],CH, -0.53 -0.62 -0.71
Fe(C0O),C,H, -0.12 -0.18 -0.23

shifts when the nature of the attached groups changes as
markedly as in these cases. On going from cyclopropane
to [Fe(CO),],CH,, the two groups attached to the methy-
lene carbon atom change from CH, groups to Fe(CO),
groups. One might well suspect, because of the greater
polarizability of the Fe(CO), groups, that the electronic
relaxation energy associated with the C 1s ionization of the
CH, group is considerably greater in [Fe(CO),],CH, and
Fe(CO),C,H, than in cyclopropane and that a large part
of the decrease in the CH, binding energy on going from
cyclopropane to the iron complexes is due to the increase
in relaxation energy. To obtain at least qualitative in-
formation regarding the actual charges on the CH, groups
in these compounds, we have analyzed the CH, carbon
binding energy shifts by using the “potential equation.”*?

Using the Potential Equation. The change in charge
of the CH, carbon atom (Ag)¢) on going from cyclopropane
to [Fe(CO),),CH, or Fe(CO),C,H, was calculated by using

AEB = kAQC + AV - AER

where AEg is the change in the CH, carbon 1s binding
energy, k is 22.1 eV/charge,'* AV is the change in potential
due to the charges of the other atoms, and AEy is the
change in relaxation energy. Relaxation energies were
calculated by the “transition-state” method,'® using the
equivalent cores approximation.!® The Eg values were
calculated from the relation Eg = 0.5[®,,(C) — ®,,(N")],
where &,,(C) is the valence potential in the ground-state
molecule and ®,,,(N*) is the valence potential in the ion,
approximated by replacing the C nucleus by the N nu-
cleus.'”® CNDO/2 wave functions!® were used for cal-
culating Ep values, but CNDO/2 charges were not other-
wise used in the solution of the potential equation. We
assumed that the relative valence electron populations
of the atoms in the Fe(CO), groups are the same as cal-
culated for Fe(CO);,2%% that Q¢ = 0.1 in cyclopropane,?
and that AQy/AQc = 0.2.22 The experimental geometry
of C;Hg?* was used, and symmetric idealized geometries

(13) Gelius, U. Phys. Scr. 1974, 9, 133.

(14) The (1/r) value calculated from the Slater exponent of the va-
lence shell orbital of carbon is 22.1 eV/charge.

(15) Hedin, L.; Johansson, A. J. Phys. B. 1969, 2, 1336. Jolly, W. L.
Discuss. Faraday Soc. 1972, 54, 13. Davis, D. W,; Shirley, D, A, Chem.
Phys. Lett. 1972, 15, 185. Davis, D. W.; Shirley, D. A. J. Electron
Spectrosc. Relat. Phenom. 1974, 3, 137.

(16) Jolly, W. L. In “Electron Spectroscopy: Theory, Techniques and
Applications™; Brundle, C. R., Baker, A. D., Eds.; Academic Press:
London, 1977; Vol. I, pp. 119-149.

(17) Avanzino, S. C.; Chen, H. W.; Donahue, C. J.; Jolly, W. L. Inorg.
Chem. 1980, 19, 2201.

(18) Perry, W, B; Schaaf, T. F.; Jolly, W. L. J. Am. Chem. Soc. 1975,
97, 4899.

(19) Sherwood, P. M. A. J. Chem. Soc., Faraday Trans. 2 1976, 72,
1791, 1805.

(20) Baerends, E. J.; Ros, P. J. Electron Spectrosc. Relat. Phenom.
1975, 7, 69.

(21) Using the CH; binding energy shift, the calculated AEg value, the
assumption that the Fe(CO), atoms have the same relative valence
electron populations as Fe(CO);, and other stated assumptions, we cal-
culate Fe, C, and O atom charges of 1.047, 0.178, and —0.374 for the
Fe(CO), groups of [Fe(CO),],CH,.

(22) Stevens, R. M.; Switkes, E. A.; Laws, E. A.; Lipscomb, W. N. JJ,
Am. Chem. Soc. 1971, 93, 2603.

(23) This assumption corresponds to an “inductive constant” of 0.2.
Similar results were obtained using a factor of 0.4.

Xiang et al.

for [Fe(C0),]),CH,* (with no bridging CO groups) and
Fe(CO0),C,H,* were assumed. The C-H distances in the
iron complexes were assumed to be the same as in cyclo-
propane. The calculated relaxation energies for cyclo-
propane, Fe(CO),C,H,, and [Fe(C0),],CH, are 17.00, 19.26,
and 19.62 eV, respectively.

In Table II we present, for comparison, the calculated
CH, group charges corresponding to the estimated relax-
ation energies, half of the estimated relaxation energies,
and relaxation energies of zero. A correction factor of
about half in conjunction with CNDO-estimated relaxation
energies was found to give satisfactory correlations of
binding energies in earlier studies,'”'® and such corrected
relaxation energies are probably appropriate for this sys-
tem.

The question arises, of course, as to how sensitive the
calculated charges of the CH, groups are to the nature of
the assumptions made in the calculations. We believe that
the data in Table II show that any reasonable assumption
regarding relaxation energy leads to the conclusion that
the CH, group of [Fe(CO),],CH, possesses a substantial
negative charge. The only other assumption which is both
significant and disputable is the assumption that the
relative valence electron populations of the atoms in the
Fe(CO), groups are the same as obtained in an ab initio
calculation for Fe(CO); (for which the Fe, C, and O atomic
charges were calculated to be 1.039, 0.174, and —0.381,
respectively). If we arbitrarily assume that the Fe, C, and
O atoms of Fe(CQO); have the drastically different charges
of 0.5, 0.15, and —0.25, respectively, the calculations give
CH, charges of —0.36 (using !/, AER) and —0.27 (using
AEyR). Clearly our calculation of a substantial negative
charge for the CH, group is not the result of an unrea-
sonable assumption regarding the other atomic charges.
Taking account of the various uncertainties in the calcu-
lations, we conclude that the charges on the CH, groups
in [Fe(CO),],CH, and Fe(CO),C,H, are 0.5 £ 0.2 and —0.2
+ 0.1, respectively.

Other Data. Our calculated charges for the CH, groups
in Fe(CO),C,H, and [Fe(CO),],CH, are qualitatively
consistent with Vites and Fehlner’s?” interpretation of the
UPS spectrum of [Fe(CO),],CH, (that the CH, group is
negatively charged) and Oskam et al.’s?® interpretation of
the UPS spectrum of Fe(CO),C,H, (that the C,H, group
is only slightly negative). It is also significant that Calabro
and Lichtenberger? recently concluded, on the basis of
extended Hiickel and Fenske~Hall calculations, that there
is no significant overall charge transfer between the metal
and olefin in CH;CpMn(CO),C,H,, although they did
conclude!? that the CH, group in [CpMn(CO),],CH, has
a high negative charge.

Because the CH, carbon binding energy of [Fe(CO),],-
CH, is much higher than that of any of the other u-CH,
compounds in Table I, it is clear that the CH, groups in
the other u-CH, compounds are even more negatively
charged. Very high negative charges on the CH, groups
of (CpCoCO),CH, and (CpRhCO),CH, are consistent with
experimental indications that these compounds can be
protonated to form the corresponding u-CH; cations.3*®

(24) Bastiansen, O.; Fritsch, F. N.; Hedberg, K. Acta Crystallogr. 1964,
17, 538.

(25) Mills, O. S.; Redhouse, A. D. J. Chem. Soc. A. 1968, 1282,

(26) Davis, M. L; Speed, C. 8. J. Organomet. Chem. 1970, 21, 401.

(27) Vites, J.; Fehlner, T. P. J. Electron Spectrosc. Relat. Phenom.
1981, 24, 215.

(28) Van Dam, H.; Oskam, A. J. Electron Spectrosc. Relat. Phenom.
1979, 17, 357. Baerends, E. J.; Oudshoorn, C.; Oskam, A. Ibid. 1975, 6,
259.

(29) Calabro, D. C.; Lichtenberger, D. L. J. Am. Chem. Soc. 1981, 103,
6846,





XPS Study of Transition Metal u-Methylene Complexes

The C 1s and O 1s binding energies of the CO groups
as well as the C 1s binding energy of the CH, group are
lower in (CpCoCO),CH, than in [Fe(CO),],CH,. These
data indicate that the effective valence electron density,
or “electron pressure”, on the cobalt atom is greater than
that on the iron atom, a result which is readily explained
by the fact that the iron atom is attached to four strongly
electron-withdrawing carbonyl groups, whereas the cobalt
atom is attached to only one such group. The u-CH,
binding energies of (CpCoCO),CH, and [CpMn(CO),},CH,
are the same, within experimental error. It appears that,
on going from the cobalt compound to the manganese
compound, the decrease in the electronegativity of the
metal compensates for the small increase in the number
of carbonyl groups.

The metal, carbon, and oxygen binding energies of
CpMn(CO),, Fe(CO);, and CpCo(CO), are higher than the
corresponding binding energies of [CpMn(CO),],CH,,
[Fe(CO),],CH,, and (CpCoCO),CH,. These differences are
not unexpected. The carbonyl group is known to be a very
strong electron-withdrawing ligand, and it would be sur-
prising if a CH, group could withdraw as much electron
density from two CpMn(CO),, Fe(CO),, or CpCoCO groups
as a CO group withdraws from one such group. Thus the
CpMn(CO);, Fe(CQO);, and CpCo(CO), data are consistent
with substantial negative charges on the u-CH, groups.

All the core binding energies of Fe;(CO),, are signifi-
cantly lower than the corresponding binding energies of
[Fe(CO),];CH,. This result probably has two causes. First,
because of the negative charge on the CH, group, the iron
atoms and CO groups of [Fe(CO),J,CH, are more positively
charged than in Fe;(CO),;. Second, probably two of the
CO groups of Fey(CO),, are bridging (as in the solid
state’®). Hence the iron, carbon and oxygen average
binding energies are lower than they would be in the case
of a nonbridged structure.’¥2 The C 1s spectrum of
Fe;(CO),, consists of only one peak with a not overly large
fwhm (1.55 eV). However the O 1s spectrum consists of
a rather broad band (fwhm = 1.80 eV) with a hump on the
low binding energy side which can be deconvoluted into
two peaks of 5:1 intensity ratio (at 539.66 and 538.5 eV,

(30) Wei, C. H.; Dahl, L. F. J. Am. Chem. Soc. 1969, 91, 1351.

(31) Avanzino, S. C.; Jolly, W. L. J. Am. Chem. Soc. 1976, 98, 6505.

(32) Xiang, S. F.; Bakke, A, A.; Chen, H. W.; Eyermann, C. J.; Hoskins,
J. L.; Lee, T. H.; Seyferth, D.; Withers, H. P.; Jolly, W. L. Organo-
metallics 1982, 1, 699.

Organometallics, Vol. 1, No. 9, 1982 1203

respectively), corresponding to terminal and bridging CO
groups.

Experimental Section

Vapor-phase X-ray photoelectron spectra were obtained by
using procedures described previously.’%%

The (ethylene)iron tetracarbonyl was prepared by the method
of Murdoch and Weiss.>* Even after repeated fractional con-
densation on the vacuum line, the product was highly contami-
nated with Fe(CO);, which has a volatility similar to that of
Fe(CO),C;H,. The vapor-phase infrared spectrum corresponded
to a mixture of Fe(CO); and Fe(CO),C,H,, with no free ethyl-
ene.’®® Immediately before running the C 1s spectrum of the
sample, it was held at —78 °C under high vacuum to remove any
possible free ethylene. The spectrum was then obtained while
the sample was held at —15 °C. The spectrum consisted of a peak
around 293.7 eV (due to the CO groups of the Fe(CO); and Fe-
(C0),C,H,) and a peak at 290.22 eV (relative intensity 0.23) due
to the coordinated C,H,. In Table I we have reported the binding
energy only of the latter peak. The relative peak intensities did
not change significantly during the run.

The (CpCoC0),CH, was prepared from Na[CpCoCO], (syn-
thesized as described by Schore et al.3") and CH,I,, as summarized
in a recent communication.®® Additional details of the synthesis
and properties of this material will be reported in a full paper.*®

The [CpMn(CO),]CH; and (CpRhCO),CH, were prepared and
characterized by procedures previously described.?** The samples
were purified by low-temperature recrystallization from n-pen-
tane/diethyl ether solutions.

The spectrometer was held at 50 °C for Fe3(CQO);, and [Fe(C-
0),],CHj, 52 °C for (CpCoCO),CH,, and 65 °C for (CpRhCO),CH,
and [CpMn(CO),],CH; in order to generate sample vapor pres-
sures high enough to give satisfactory spectra.
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Reaction of [(n-C;Hs)Re(NO)(PPh,)(CO)]*BF,~ (1) with CH;ONa/CH3;0H affords the “ester” (u-
CsH;)Re(NO)(PPh;)(COOCHS;) (2). Reaction of 2 with (-)-(S)-a-(1-naphthyl)ethylamine or (+)-(R)-a-
(1-naphthyl)ethylamine gives “amide” (-C;Hs)Re(NO)(PPhy)(CONHCH(CH;)C,,H,) (8). The diastereomers
of 8 are separated by benzene/hexane recrystallization; (-)-(RS)-8 and (+)-(SR)-8 are least soluble. These
are treated with CF;CO,H and NaBF, to give (-)-(R)-1 and (+)-(S)-1, respectively. Resolved 1 is then
used to prepare optically active 2, (n-CsHs)Re(NO)(PPh;)(CH,) (3), [(n-CsHg)Re(NO)(PPhy)(=CH,)]*PFy”
(4), (5-CsHz)Re(NO)(PPh3)(CH,CgH;) (9), (7-CsHg)Re(NO)(PPhy)(CH,CH;) (10), and (-CsH;)Re(NO)-
(PPhy)(CHO) (11) via known procedures. An X-ray crystal structure of (-)-(R)-9 (space group P2,2,2,,
a=12.874 (5) A, b=11.889 (3) A, c = 16.077 (7) A, Z = 4, R = 0.034) establishes the absolute configurations
of resolved 1-4 and 8-11. Also described are the following: ORD and CD spectra; several unsuccessful
resolution attempts; the synthesis of [(n-CsH;)Re(NO)(PPhy)(CH,P*Ph,(0-I-menthyl))]*PF¢* (7) (used
as an optical purity assay); comparisons with isostructural chiral organometallic complexes.

Introduction

We recently described the synthesis of pseudotetrahe-
dral electrophilic rhenium alkylidene complexes of the
formula [(n-CsH;)Re(NO)(PPhy)(=CHR)]*PF; (R = H,
aryl, n-alkyl).>® These were found to exist in two pho-
tointerconvertible geometrically isomeric forms (R = H)%*
and to undergo stereospecific or stereoselective nucleophilic
attack (Nu = R;BD-, R, RO", R;P) to yield rhenium
alkyls (n-CsHz)Re(NO)(PPhy)(CHRNu).25 Homologous
vinyl and acetylide complexes, (-C;H;)Re(NO)(PPh;)-
(CH=CHR) and (»-C;H;)Re(NO)(PPh;)(C=CR), also
undergo stereospecific C-C and C-H bond forming reac-
tions.? Since numerous stereospecific metal-carbon bond
cleavage reactions have been developed,’ the availability
of optically active (-CsHs)Re(NO)(PPh,)(X) compounds
would allow these transformations to be utilized in stoi-
chiometric asymmetric organic synthesis. In this paper,
we report (a) a convenient optical resolution of [(»-
C;H;)Re(NO)(PPhy)(CO)]*BF, (1) via a chiral amine
adduct, (b) the synthesis of a series of optically active
(n-CsH;)Re(NO)(PPh,)(X) complexes from 1, (c) the X-ray
crystal structure of (-)-(R)-(n-Cs;Hz)Re(NO)(PPhy)-
(CH,Cg¢H;), which allows the assignment of absolute con-
figurations to these compounds, and (d) the ORD and CD
spectra of several complexes. These are compared with
the spectra of closely related manganese and iron com-
plexes.® 1!

(1) To whom correspondence should be addressed at the Department
of Chemistry, University of Utah, Salt Lake City, Utah 84112. Fellow
of the Alfred P. Sloan Foundation (1980-1984) and Camille and Henry
Dreyfus Teacher-Scholar Grant Recipient (1980--1985).

(2) (a) Wong, W.-K,; Tam, W.; Gladysz, J. A. J. Am. Chem. Soc. 1979,
101, 5440. (b) Tam, W.; Lin, G.-Y.; Wong, W.-K_; Kiel, W. A.; Wong, V.
K.; Gladysz, J. A. Ibid. 1982, 104, 141.

(3) (a) Kiel, W. A,; Lin, G.-Y.; Gladysz, J. A. J. Am. Chem. Soc. 1980,
102, 3299. (b) Kiel, W. A.; Lin, G.-Y.; Constable, A. G.; McCormick, F.
B.; Strouse, C. E.; Eisenstein, O.; Gladysz, J. A. Ibid., 1982, 104, 4865. (c)
Kiel, W. A,; Lin, G.-Y.; Gladysz, J. A., manuscript in preparation.

(4) McCormick, F. B,; Kiel, W. A.; Gladysz, J. A. Organometallics
1982, 1, 405.

(5) Constable, A. G.; Gladysz, J. A. Organomet. Chem. 1980, 202, C21.

(6) Wong, A.; Gladysz, J. A,, J. Am. Chem. Soc. 1982, 104, 4948.
Hatton, W., UCLA, unpublished results.

(7) Flood, T. C. Top. Stereochem. 1981, 12, 37.

(8) (a) Brunner, H. Angew. Chem., Int. Ed. Engl. 1969, 8, 392. (b)
Brunner, H.; Schindler, H.-D. J. Organomet. Chem. 1970, 24, C7.

(9) Brunner, H. Adv. Organomet. Chem. 1980, 18, 151.

Scheme I. Some Attempted Resolution Cycles
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Results

1. Synthesis of Optically Pure Organorhenium
Complexes. The first chiral organometallic complex to
be resolved, [(n-CsH;) Mn(NO)(PPh,)(CO)1*, was obtained
optically pure via its /-menthyl “ester”,'? (y-C;H;)Mn-
(NO)(PPhy)(COO-i-menthyl).? Only one ester diastereo-
mer was soluble in pentane at -78 °C. Since [(y-C;Hj;)-
Re(NO)(PPh;)(CO)]*BF,” (1) is isostructural with [(-
CsH;)Mn(NO) (PPh,)(CO)]*, we attempted an analogous
resolution. Cation 1 was first converted to its methyl
“ester” (methoxycarbonyl complex),!?13 (4-C;H;)Re-
(NO)(PPhg)(COOCHj;) (2), by reaction with CH;ONa/

(10) (a) Davison, A.; Krussell, W. C.; Michaelson, R. C. J. Organomet.
Chem. 1974, 72, C7. (b) Davison, A.; Martinez, N. Ibid. 1974, 74, C17.

(11) (a) Flood, T. C.; DiSanti, F. J.; Miles, D. L. J. Chem. Soc., Chem.
Commun. 1975, 336; Inorg. Chem. 1976, 15, 1910. (b) Chou, C.-K.; Miles,
D. L.; Bay, R.; Flood, T. C. J. Am. Chem. Soc. 1978, 100, 7271.

(12) The terms “ester” and “amide” will be used in place of the more
familiar!® “alkoxycarbonyl” and “carbamoyl” ligand nomenclature in this
manuscript.

(13) Angelici, R. J. Acc. Chem. Res. 1972, 5, 335.
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Resolution of (n-CsHs)Re(NO)(PPh;)(X)
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Table I. Optical Rotations, Absolute Configurations, and Melting Points of Chiral Organorheniuin Complexes Prepared
{0]™* 55, abs con-
complex deg ¢ (g/L), solvent figuratn mp, °C mp of racemate, °C

-)1 -184 0.43, CH,CI, R 268-272 dec 277.5-278.5 dec
(-)-2 -165¢ 0.28, CHCI, R 172-174 dec 153-155
(-)3 -178 0.44, CHCI, R 188.5-190 197-200
(~)-4 —43b 0.22, CH,Cl, R
)7 ~239 0.42, CHCl, Rge 121-124 159-161°¢
(+)-17 +191 0.28, CHCI, SRe 185-186
(-)-8 ~103 0.62, CHCI, RS4 208-210 dec

-137¢ 0.13, CHCI, RR4 173-177 dec
-)9 -118 0.37, CHCl, R 234-237 dec 219-221
(-)-10 -116 0.48, CHC], R 179-180 224-226
(-)11 -194 0.14, CHCI, R 141-142 dec 156-157 dec

(darkening ~ 130 °C) (darkening ~ 135 °C)
4 98% ee. Y The rotation was taken 1mmed1ately after dissolution and is accurate to +1° ; rapid decomposition ensues.

®Not a true racemate; 7 prepared from racemic 4. ¢ Re, C.

NMR.
Ph.D. Dissertation, UCLA, 1979.?

CH;O0H. Subsequent CF;CO,H-catalyzed trans-
esterification of 2 with /-menthol gave (n-CzH;)Re(NO)-
(PPh3)(COO-/-menthyl) as a labile oil. Unfortunately,
pentane extraction of this material gave at best a 60:40
diastereomeric ratio. More practical separation methods
could not be found.

Attempts were then made to resolve the methyl complex
(n-CsH;z)Re(NO)(PPhy)(CH;) (3), which is the NaBH, re-
duction product of 1.22 As previously described,? 3 and
PhyC*PF¢ react to give the methylidene 4 (Scheme I).
Amine, alkoxide, phosphorus,? and sulfur!* nucleophiles
readily attack 4. We had previously shown that the pyr-
idine adduct of 4, 5a, could be reduced with LiAlH, to 3.
This closes a stereochemical cycle, as shown in Scheme 115
Hence we studied the reactions of methylidene 4 with
approximately 20 chiral amines.

Representative amines b—f (Scheme I) afforded me-
thylidene adducts 5b—f in excellent spectroscopic yields.
Pairs of diastereomers could in most cases be distinguished
by a 1-4 Hz separation of their n-C;H; 'H NMR resonances
at 200 MHz. However, numerous attempts to separate the
diastereomers of 5b—f by recrystallization or HPLC (re-
verse phase C18) were unsuccessful.

A similar resolution scheme was attempted with sodium
[-menthoxide. Its reaction with 4 gave the alkyl (»-
C;H;)Re(NO)(PPh;) (CH,O-l-menthyl) (6). Although di-
astereomers of the isostructural iron carbonyl complex
have been separated by recrystallization,'%!! 6 was a labile
oil at room temperature and low-temperature extraction
did not afford any diastereomer enrichment.

Reaction of 4 with Phy,P(O-/-menthyl) yielded the
phosphonium salt 7 (Scheme I). Purification of 7 to a
>95:5 ratio of diastereomers was achieved by a single
acetone/ether recrystallization. Unfortunately, we were
unable to reduce 7 to 3 or otherwise cleave the ReCH,—P
bond without totally destroying the complex. However,
adduct 7 proved valuable as an optical purity assay (vide

(14) McCormick, F. B.; Gladysz, J. A. J. Organomet. Chem. 1981, 218,
C57.

(15) We employ the following convention for converting planar rep-
resentations of (5-CsHs)Re(NO) (PPhg)(X) compounds into three-dimen-

sional structures.

\\\Re///
PPhy o | “Ppng
X

Re
ON/ I\
X

Unless otherwise specified, (+)- and (-)- refer to rotations at 589 nm.

¢ Contains 0.9 + 0.1% of the SR diasteromer as assayed by 'H
f This value (sealed capillary) is higher than the ca. 91 °C decomposition point previously reported for 11: Tam W.

Scheme II. Resolution of
[(n-C,H,)Re(NO)(PPh,)(CO)]*BF" (1)

©

R[e N

CH3ONg

| /Re*\ CH30H
N ( PPh3

BFs
3. K2C03 —_— “\{\

2

CH3O

2. NoBF4
I, CF3COH
e (W
>95:5 ratio of benzene/hexane
diastereomers recrystallization
l \PPh3 h
HN/ \\

H

infra), since the -CsHs 'H NMR resonances of its two
diastereomers were widely separated (13.4 Hz at 200 MHz).

We abandoned the resolution strategy in Scheme I and
returned to derivatives of 1. Reactions of the methyl ester
2 with primary amines were found to give “amides™2!3
(n-CsH5)Re(NO)(PPhg)(CONHR) (Scheme II). The dia-
stereomeric amides obtained from 2 and [-a-phenethyl-
amine or nopinylamine did not separate under the crys-
tallization conditions investigated. However, the diaste-
reomeric amides prepared from 2 and a-(1-naphthyl)-
ethylamine, 8 (Scheme II), were readily separable by
benzene/hexane recrystallization. Their -C;H; 'H NMR
resonances differed by 16.5 Hz at 200 MHz and were used
to determine diastereomeric purity.

The less soluble diastereomer of 8 was recrystallized to
constant rotation. The amide linkage was cleaved with
CF;CO,H, and the optically active [(»-C;H;)Re(NO)-
(PPhy)(CO)]*CF3CO; thus formed was metathesized to
the more crystalline BF, salt, 1. Both enantiomers of
a-(1-naphthyl)ethylamine are commercially available.
When (-)-(S)-a-(1-naphthyl)ethylamine was used in
Scheme I, (-)-1 was obtained (Table I).1* When (+)-
(R)-a-(1-naphthyl)ethylamine was used, (+)-1 was ob-
tained. The a-(1-naphthyl)ethylamine was recovered
without loss of optical activity following K,COj; neutrali-
zation of its CF3CO,H salt. In all cases, the more soluble
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Figure 1. Stereoview of the molecular structure of (-)-(R)-(n-CsH;)Re(NO)(PPh;)(CH,CeH;) ((-)-(R)-9).

diastereomer of 8 was isolated from the benzene/hexane
supernate (Scheme II) and similarly converted to 1 (ca.
70% ee). This optically enriched 1 was converted to 2 and
reacted with the enantiomer of the a-(1-naphthyl)ethyl-
amine originally employed. This gave principally the less
soluble diastereomer of 8 but now with the mirror-image
configuration at rhenium.

The optical purity of (-)-1 and (+)-1%° was assayed by
reduction to 3 and subsequent conversion in CD,Cl, to
phosphonium salt 7 (Scheme I). Only one of the two »-
C;H; 'H NMR resonances present in 7 prepared from
racemic 1 was detected. A CDCl; solution of (+)-7 (from
(+) 1) was doped with 1% of the diastereomer (-)-7. The
minor isomer was clearly visible in the H NMR spectrum,
and the two 7-C;H; resonances integrated within the range
(99.0 £ 0.2): (1.0 £0.2). It was estimated that 0.5-0.3%
of one diastereomer could be detected in the presence of
the other. Thus compounds we claim to be “optically pure”
are at least 99% ee.

Optically pure 1 was treated with CH;ONa/CH,OH at
room temperature. Product 2 was significantly racemized
(ca. 72% ee), as assayed by conversion to 8 and integration
of the n-C;H; 'H NMR resonances of the two diastereo-
mers. The same reaction was run to partial conversion by
using a deficiency of CH;ONa. Starting 1 was recovered
in 298% ee. Reaction of 1 with CH;ONa/CH;0H at -24
°C (Scheme II) gave 2 in 98% ee. Isolated 2 mutorotated
(vide infra) slightly over the course of a few minutes when
dissolved. Prior to attaining the equilibrium value in Table
I, [a]?*55gq for (-)-2 was ca. —~186°. Ester 2 was otherwise
configurationally stable at room temperature in CH,Cl,,
CHCI;, and CH;OH.

Optically pure 1 was converted to the previously re-
ported® rhenium alkyls (3-C;H;)Re(NO)(PPhy) (CH,C¢H;)
(9) and (n-Cs;H;)Re(NO)(PPh;)(CH,CHj;) (10) as outlined
in Scheme III. The formyl (3-C;Hg)Re(NO)(PPh;)(CHO)
(11) was prepared by NaBH, (THF /H,0) reduction of 1.
The ee of 11 was shown to be >99% by BHyTHF reduc-
tion to 8.2 Other reactions® placed similar limits on the
optical purities of 9 and 10. These compounds were con-
figurationally stable at room temperature and gave the
rotations summarized in Table L.

2. X-ray Crystal Structure of (-)-(n-C;H;)Re-
(NO)(PPh;)(CH,CgHj;) ((-)-9). In order to establish the
absolute configurations of the chiral compounds in Table
I, the X-ray crystal structure of the benzyl complex (-)-9'%
was executed. Suitable crystals were obtained by slow
diffusion of hexane into a CH,Cl, solution of (-)-9 at room
temperature. X-ray data were collected at —158 °C by
using monochromated Mo Ka (0.71069 A) radiation on a
Syntex P1 automatic diffractometer. Three standard re-
flections were taken every 100 reflections; these varied by
less than 3%. The unit cell was orthorhombic with lattice
parameters a = 12.874 (5) A, 5 = 11.889 (3) A, and ¢ =
16.077 (7) A. Systematic absences were consistent with
the space group P2,2,2,. Of 4964 reflections collected with
26 < 50°, 4581 reflections with I 2 3¢ were used in the final
refinement.

Scheme III. Syntheses of Other Chiral
Organorhenium Complexes

| NOBH4 3 PhaC* PFg 4
NaBHg4
THF /Hz0 CHaLi
CeHsli
/Re\ / N /

ON ‘ PPhz PPh3 ' \Pph3
c HoC C
P2 2 \ e \

Hooo CeHs CHs
1 2 12
Table II. Selected Bond Lengths and
Bond Angles in (-)-(R)-9

atoms dist, A atoms angle, deg
Re-C1 2,203 (8) C21-C1-Re 110.3 (8)
Re-P 2,365 (3) C1-Re-N 93.8 (3)
Re-N 1.740(7) C1-Re-P 87.4 (3)
Re-C,H,* 2.300 N-Re-P 93.9 (3)
N-0O 1.230 (9) Re-N-O 177.9(7)

C1-C21 1.501(11) H1A-C1-Re? 119

C1-H1Ab 1.02 H1B-C1-Re? 113
C1-H1B®? 1.12 H1A-C1-H1B? 111

@ Average distance from Re to C,H, carbons; exact
values vary from 2.360 to 2.217 A The tilt of the C,H,
least-squares plane with respect to the vector between Re
and the C,H, centroid is 85.7°. Y H1A and H1B were
not refined.

The position of the rhenium was obtained from a
three-dimensional Patterson map. Fourier synthesis com-
bined with least-squares refinement yielded all non-hy-
drogen atoms. Absorption corrections were applied, and
all non-hydrogen atoms were refined with anisotropic
temperature factors.'® All hydrogens were located from
a difference Fourier map and were not refined. The final
R index was 0.034 with R, = 0.040.7

The preceding structure analysis of (-)-9 was conducted
with the rhenium in the R'8 configuration (opposite to the
formulas in this paper).!® The configuration was inverted
through a mirror plane by changing the sign of the y co-
ordinates. An identical series of refinements of the re-
sulting S molecule gave an R factor (0.051; R, = 0.060)

(16) In-house programs were used for data refinement. One of these
incorporated modifications of the programs CARESS by R. W. Broach
(University of Wisconsin) and PROFILE by P. Coppens, P. Becker, and R.
H. Blessing (SUNY, Buffalo).

(17) All least-squares refinements computed the agreement factors R
and R, accordmg toR = Z”Fol |Foll/ ZIFo| and Ry, = [ZwillFo} -
|Fd12/ ZwIFol 142, where F, and F, are the observed "and calculated
structure factors, respectively, and w,'/? = 1/o(F,). The function mini-
mized in all least-squares refinements was SwilF| - IFd%

(18) (a) Stanley, K.; Baird, M. C. J. Am. Chem. Soc 1975, 97, 6598.
(b) Sloan, T. Top. Stereochem 1981, 12, 1.
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Figure 2. ORD spectra of (8)-(3-CsHs)Re(NO)(PPhg)(CH,)
((S)-8) (—), (8)~(n-CsH)Re(NO)(PPhy)(CH,CeH;) ((S)-9) (—+-)
and (S)-(1-CsHs)Re(NO)(PPh;)(CH,CHj) ((S)-10 (---).

significantly greater than that of the R molecule. This
difference, according to Hamilton’s R factor significance
test,! indicates that the probability of (-)-9 having an R
configuration is >99.5%.

The molecular structure of (-)-(R)-9 thus obtained is
shown in Figure 1. An exhaustive list of bond distances
and angles, and two crystal packing diagrams are provided
in the supplementary material. Important bond distances
and angles are summarized in Table II. There are two
important structural features in (-)-(R)-9. First, the
molecule adopts the conformation approximated by New-
man projection I. Logically, the phenyl resides between

H C6H5
NG
PhaP NO
3 h

the two smallest ligands, 7-CsH; and NO. Second, the
Re—C1-C21 plane is nearly perpendicular (£ = 84.5 + 0.5°)
to the least-squares plane of the phenyl ring. This may
be a consequence of steric interactions and/or Re-C1
bond/phenyl ring hyperconjugation.

According to accepted mechanisms, all of the transfor-
mations shown in Schemes I-III should proceed with re-
tention of configuration at rhenium. The absolute con-
figurations summarized in Table I are assigned accordingly.

3. Optical and Chiroptical Properties. The UV-
visible spectra of 1 (yellow), 2 (yellow), 3 (orange-red), 7
(gold), 8 (yellow), 9 (orange-red), 10 (orange-red), and 11
(honey yellow) were measured in CHCl;. Each was
qualitatively similar to the published spectrum* of pro-
pylidene [(n-Cs;H;s)Re(NO)(PPh;g)(=CHCH,CH,)]*PF,,
which featured an extended tail into the visible region with
weak peaks and/or shoulders. Data were as follows: 1,
259 (pk, € 7100), 312 nm (sh, 900); 2, 261 (pk, ¢ 6900), 290
nm (sh, 3600); 3, 262 (pk, ¢ 6050), 312 nm (sh, 2800);
(+)-(Sg.)-7, 262 (sh, € 6700), 304 nm (pk, 2700); (-)-(RS)-8,
274 and 283 nm (2 pk, ¢ 10800); 9, 270 (pk, ¢ 11700), 307
nm (sh, 5300); 10, 261 (pk, ¢ 6100), 310 nm (sh, 2400); 11,
261 (pk, € 7300), 305 nm (sh, 3200). The ORD and CD
spectra of 1-3 and 7-11 (Figures 2-7) were somewhat more
complex. These data will be interpreted in the Discussion.

Discussion

To our knowledge, Scheme II constitutes the first res-
olution of a metal carbonyl compound via an “amide”!?
derivative. It is interesting that resolution strategies which

(19) Hamilton, W. C. Acta Crystallogr. 1965, 18, 502.
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Figure 3. ORD spectra of (S)-[(5-CsH;)Re(NO)(PPhg)(CO)]*BF -
((S)-1 (==-), (S)-(n-CsHs)Re(NO)(PPhg}(COOCH,) ((S)-2 (---)
and (S)-(3-CsHs)Re(NO)(PPh;)(CHO) ((S)-11 (—).
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Figure 4. ORD spectra of ((Sg.)-[(n-CsHs)Re(NO)(PPhy)-
(CH,P*Phy(O-I-menthyl)]*PFg” ((Sg,)-7) (=+-), (SR)-(1-C;Hy)-
Re(NO)(PPh;)(CONHCH(CH,)C,cH,) ((SR)-8) (---), and
(89)-(n-CsHs)Re(NO)(PPhy)(CONHCH(CH;)CyoH,) ((SS)-8) (—).
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Figure 5. CD spectra of (S)-(n-CsH;)Re(NO)(PPhy)) (CH,) ((S)-3)
(=), (5)-(n-CsH5)Re(NO) (PPh;) (CH,CcH;) ((S)-9) (---), and
(8)-(n-CsH5)Re(NO) (PPhg) (CH,CH;) ((S)-10) (—).
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Figure 6. CD spectra of (S)-[(4-CsH;)Re(NO)(PPh3)(CO)]*BF -
((S)-1) (==-), (5)-(n-CsHx)Re(NO) (PPh3)(COOCH,) ((5)-2) (-+~),
and (8)-(-CsHs)Re(NO)(PPh3)(CHO) ((S)-11) (—).
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Figure 7. CD spectra of ((Sge)-[(n-CsHs)Re(NO)(PPhy)-
(CHyP*Phy(O-l-menthy]))]* PFg" ((Spe)-7) (-+-), (SR)-(n-
CsHs)Re(NO)(PPhy)(CONHCH(CH,)C,,H7) (SR)-8) (---), and
(S8)-(n-CsH5)Re(NO)(PPhg) (CONHCH(CHy)C,oHy) ((SS)-8) (—).

were successful with isostructural manganese and iron
complexes failed so dramatically when extended to rhe-
nium. Difficulty with the HPLC separation of diastereo-
meric organometallic complexes has also been encountered
by other groups.?°

Absolute configurations at rhenium are assigned ac-
cording to the Baird/Sloan modification of the Cahn-In-
gold-Prelog priority rules.!” The C;H; ligand is considered
to be a pseudoatom of atomic number 30. Hence by our
convention,!® all structures in this paper (except I and
Figure 1) have an S-rhenium configuration.

The crystal structure of (-)-(R)-9 (Figure 1) can be
compared with those of several homologous rhenium
complexes. The Re-C1 bond length, 2.203 (8) A, is es-
sentially the same as that found in the substituted benzyl
complex (SS,RR)-(n-C;H;)Re(NO)(PPhy)(CH-
(CH,CeH;)CeH;) (2.215 (4) A).3» However, it is consider-
ably longer than the Re~C bond lengths in formyl (5-
C;H5)Re(NO)(PPh,)(CHO) (2.055 (10) A)?! and benzylid-
ene ac-[(n-CzH;)Re(NO)(PPh;) (=CHC H;)]*PF¢ (1.949
(6) A).°® Contractions are expected on the basis of the
superior w-accepting (multiple bonding) capabilities of
these ligands.

The substituted benzyl (SS,RR)-(n-CsHg)Re(NO)-
(PPh,)(CH(CH,C¢H;)CeH;) adopts, like I, a solid-state
conformation with the a-carbon phenyl ring gauche to the
7-CsH; and NO ligands.® As was noted with (-)-(R)-9, this
phenyl ring is also perpendicular to the Re-C,~C;, plane.
The X-ray crystal structure of another cyclopentadienyl-
benzylrhenium complex, (1-C;H;)Re(CO),(H)(CH,CeHs),
has been reported by Fischer and Frank.?? Its Re-CH,-
C¢H; bond, 2.29 (1) A, is longer than that of (-)-(R)-9. This
may be due to an increased coordination number and/or
a “semibridging” hydride. Schrock, Guggenberger, and
Stucky have described crystal structures of two tantalum—
benzyl complexes: (1-CsH;);Ta(=CHC¢H;)(CH,C¢H;)
(Ta-CH,CcH; = 2.30 (1) A)® and (3-C;Mes)Ta(=
CHC 52)4(CH206H5)2 (Ta_CHQCSHg, = 2.188 (15) and 2.233
(14) A).

Other interesting solid state data include the melting
points listed in Table I. There is no regular trend: en-
antiomerically pure complexes melt both higher and lower
than the corresponding racemates. In one case, a mixture

(20) Goldman, M.; Kustanovich, Z.; Weinstein, S.; Tishbee, A.; Gil-Av,
E. J. Am. Chem. Soc. 1982, 104, 1093.

(21) Wong, W.-K.; Tam, W; Strouse, C. E.; Gladysz, J. A. J. Chem.
Soc., Chem. Commun. 1979, 530.

(22) Fischer, E. O.; Frank, A. Chem. Ber. 1978, 111, 3740.

(23) Schrock, R. R.; Messerle, L. W.; Wood, C. D.; Guggenberger, L.
J. J. Am. Chem. Soc. 1978, 100, 3793.

(24) Messerle, L. W.; Jennische, P.; Schrock, R. R.; Stucky, G. J. Am.
Chem. Soc. 1980, 102, 6744.
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of diastereomers, (-)-(Rg.)-7 and (+)-(Sg.)-7, melted at a
temperature between the melting points of the pure com-
ponents.

While the ORD and CD spectra of 1-3 and 7-11 (Figures
2-7) are somewhat complex, there are some easily inter-
pretable features. First, the gross morphologies are similar.
Nearly all of the spectra cross the x axis twice. The CD
spectra of the homologous methyl ((+)-(S)-3), ethyl
((+)-(S)-10), and benzyl ((+)-(S)-9) complexes are quali-
tatively identical. For the limited range of compounds
examined, the sign of the ORD or CD spectrum at >500
nm (or the sign of the region between the two x-axis
crossings) correlates to the rhenium absolute configuration.

The spectra of the diastereomers (+)-(SR)-8 and (+)-
(SS)-8 (Figures 4 and 7) are quite similar. This has been
previously noted for diastereomeric manganese and iron
complexes which possess the same metal configuration b
Thus the ligand chirality contributes only slightly to the
ORD and CD spectra.

No simple relationship exists between the UV and CD
maxima. In all cases, at least three Cotton effects are
observed. Carbonyl cation (+)-(S)-1, phosphonium salt
(+)-(Sge)-7, and possibly (+)-(S)-2, (+)-(SR)-8, and (+)-
(S88S)-8 exhibit more.

Flood has elegantly discussed the problems involved in
relating the absolute configurations of (-C;H;)Fe(CO)-
(PPhg)(X) complexes to their ORD and CD spectra.!'™® The
present level of theoretical sophistication allows only
somewhat tenuous empirical correlations to be made.
Alkyls (S)-(n-C;H;)Fe(CO)(PPh;){(CH,) and (S)-(»-
Cs;Hs)Fe(CO)(PPhy)(CH;CH,;) are both dextrorotatory at
579-589 nm. Interestingly, we find that the isostructrual
rhenium complexes (S)-3 and (S)-10 are also dextrorota-
tory.

Brunner has reported the following rotations for (+)-
[(n-CsH;)Mn(NO)(PPhy)(CO)]*PFs 8 [a]20;,, 375°;
[a)®P54 595°; [0} P56 —1490. To our knowledge, the absolute
configuration of this complex has not been established. Its
CD most closely resembles that of rhenium carbonyl cation
enantiomer (+)-(S)-1 (Table I and Figure 3) but with a
somewhat greater specific rotation in the 575-590-nm
range.

Brunner has reported that the manganese carbonyl
cation [(n-CsHs)Mn(NO)(PPh;}(CO)]*PF4 is configura-
tionally stable at 25 °C.2> However, diastereomerically
pure (3-C;H;)Mn(NO)(PPhy)(COO-I-menthyl) epimerizes
in solution at room temperature.’»% Similarly, optically
pure (3-CsH;)Mn(NO)(PPh,)(COOCH,)% and (n-C;H;)-
Mn(NO)(L)(COR)® complexes racemize slowly in solution
at 25 °C. Brunner has shown that epimerization and/or
racemization are initiated by phosphine dissociation.?¢-28
We attribute the configurational stability of our rhenium
complexes to the reluctance of PPhy to dissociate. For
instance, the formyl 11 does not undergo phosphine ex-
change with P(C,H;); at temperatures up to 80 °C.2
However, (+)-(1-C;H;)Mn(NO)(PPhy)(COOCH;) ex-
changes readily (with retention) with P(p-C;H,OCHj,); at
20 °C.2" Speculatively, we suggest that the small amount
of racemization we encountered in the synthesis of opti-
cally active 2 may be due to an electron-transfer side re-
action. Manganese and rhenium complexes with 17 or 19

(25) Brunner, H.; Schindler, H.-D. Chem. Ber. 1971, 104, 2467.

(26) (a) Brunner, H.; Langer, M. J. Organomet. Chem. 1975, 87, 223.
(b) Brunner, H.; Aclasis, J. A. Ibid. 1976, 104, 347.

(27) Brunner, H.; Aclasis, J.; Langer, M.; Steger, W. Angew. Chem.,
Int. Ed. Engl. 1974, 13, 810.

(28) The configurational instability of Brunner’s complexes appears
to correlate with the “cis-labilizing” effect of certain ligands (COR, CO;R)
noted by Brown: Brown, T. L.; Bellus, P. A. Inorg. Chem. 1978, 17, 3726.
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valence electrons are known to be substitutionally and
configurationally labile.?%

The low IR veg of 2, 1580 cm™, suggests the importance
of a zwitterionic Re*=C(OCH3)O™ resonance contributor.
Since we have observed that [(y-C;H;)Re(NO)(PPh;) (=
CHR)]* alkylidenes can exist in two geometric isomeric
forms,3* the apparent mutorotation of optically active 2
noted above may be due to easily interconverted Re—~C
geometric isomers. This phenomenon can be anticipated
whenever the precipitation or crystallization method em-
ployed yields a nonequilibrium isomer distribution. An
interesting related example involving the endo/exo isom-
erization of chiral 7-allyl molybdenum complexes has been
recently reported by Faller and Shvo.%

Conclusion

The optical resolution of 1 outlined in Scheme II is
convenient and easily executed on a multigram scale. The
X-ray structure of (-)-(R)-9 establishes the absolute con-
figuration of resolved 1 and many other chiral organo-
rhenium complexes. Previously, numerous reactions of
(n-C;H;)Re(NO)(PPh;)(X) complexes (X = carbon-bound
ligand) have been found in which a new, ligand-based
chiral center is generated stereospecifically or with high
stereoselectivity.®®® Since methods exist for the stereo-
specific cleavage of metal-carbon bonds,’ this study pro-
vides a firm groundwork for the rational application of
these reactions in asymmetric organic synthesis.

Finally, the utility of chiral organometallic complexes
in the elucidation of reaction mechanisms has received
frequent emphasis.® 1132 Mechanistic aspects of the ho-
mogeneous chemistry of methylidene and formyl com-
plexes are currently of intense interest,2333¢ and this in-
vestigation has provided the first examples of such species
(4, 11) in optically pure form.3> Resolved 4 and 11 will
both play pivotal roles in future studies from our labora-
tory.

Experimental Section

General Data. All reactions were carried out under an at-
mosphere of dry N,. Benzene, toluene, THF, and ether were
purified by distillation from benzophenone ketyl (Na or K).
Hexane was distilled from potassium metal, and CH,Cl, was
distilled from P,0;. Chloroform, acetonitrile, and methanol were
reagent grade and degassed prior to use. CD,Cl, was distilled
from P;0; and degassed.

IR spectra were recorded on a Perkin-Elmer Model 521
spectrometer. 'H and 3C NMR spectra were (unless otherwise
noted) recorded at ambient probe temperature on a Briiker
WP-200 spectrometer at 200 and 50 MHz, respectively, and
referenced to (CH,),Si. Optical rotations were measured on a
Perkin-Elmer 241MC polarimeter. UV /vis and ORD spectra were
recorded on Cary 219 and 60 spectrometers, respectively. CD
spectra were obtained on a Jasco Model J-10 spectropolarimeter.

(29) (a) Byers, B. H.; Brown, T. L. J. Am. Chem. Soc. 1977, 99, 2527.
(b) Kidd, D. R.; Brown, T. L. Ibid. 1978, 100, 4095.

(30) Rox, A.; Malito, J.; Poe, A. J. Chem. Soc., Chem. Commun. 1981,
1052.

(31) Faller, J. W.; Shvo, Y.; Chao, K.; Murray, H. H. J. Organomet.
Chem. 1982, 226, 251.

(32) (a) Miles, S. L.; Miles, D. L.; Bau, R.; Flood, T. C. J. Am. Chem.
Soc. 1978, 100, 7278. (b) Faller, J. W.; Shvo, Y. Ibid. 1980, 102, 5396. (c)
Quinn, S.; Shaver, A.; Day, V. W. Ibid. 1982, 104, 1096. (d) Attig, T. G,;
Teller, R. G.; Wu, S.-M.; Bau, R.; Wojciki, A. Ibid. 1979, 101, 619.

(33) (a) Gladysz, J. A. Adv. Organomet. Chem. 1982, 20, 1. (b) Casey,
C. P.; Andrews, M. A,; McAlister, D. R.; Jones, W. D.; Harsy, S. G. J. Mol.
Catal. 1981, 13, 43.

(34) (a) Schrock, R. R.; Sharp, P. R. J. Am. Chem. Soc. 1978, 100,
2389. (b) Brookhart, M.; Tucker, J. R.; Flood, T. C.; Jensen, J. Ibid. 1980,
102, 1203.

(35) The reaction of chiral trialkylborohydrides with appropriate metal
carbonyl precursors may give formyl complexes of very low ee: Gladysz,
J. A.; Merrifield, J. H. Inorg. Chim. Acta 1978, 30, L317.
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Mass spectra were obtained on an AEI-M59 instrument. Melting
points were recorded on a Biichi
Schmeltzpunktbestimmungsapparat and were not corrected.
Microanalyses were conducted by Galbraith.

Starting Materials. Carbonyl [(-C;H;)Re(NO)(PPh,)-
(CO)]*BF, was prepared as described previously.2? Ph,C*PFg
was purchased from Aldrich and Columbia Organic Chemicals
and was purified by recrystallization from CH,Cl;/hexane under
N,.%¥ Alkyls CgH;Li (2.0 M in CgHg/ether) and CH;Li-LiBr (1.4
M in THF) were purchased from Aldrich and used without
standardization. Other achiral reagents were available from
common commercial sources and used without purification.

Samples of (-)- and (+)-a-(1-naphthyl)ethylamine ([«]%5q —76°
(neat) and +76° (neat)) originated (long ago) from Aldrich
Chemical Co. and Pfaltz and Bauer, respectively, and were purified
by vacuum distillation. Fairfield Chemical Co. is a contemporary
supplier of these amines. Nopinylamine ([a]%%559 —19° (c 1.3,
CH,0H)) and I-(-)-a-phenethylamine ([«]%55 —39° (neat)) were
purchased from Aldrich and purified by distillation. Styrchnine,
brucine, and nicotine were obtained from Aldrich and used without
further purification. (-)-I-Menthol was used as obtained from
Matheson, Collman and Bell. (-)-Ph,P(O-i-menthyl) ([a] %579 —62°
(c 0.96, C¢Hg)),¥ (I-menthyl)nicitinoate,?® and (-)-2-(I-men-
thyl)pyridine ([«]*%;;5 -43.8° (¢ 1.96, 95% C,H,OH))*® were
prepared via literature procedures.

Preparation of (+)-(n-CsH;)Re(NO)(PPh;)(COOCH,)
((£)-2). To 75 mL of CH3;0H was added 3.00 g (4.56 mmol) of
(x)-[(n-CsHz;)Re(NO){PPhg)(CO)]*BF, (1). To this slurry was
added Na (0.4 g, 17 mmol). The reaction was stirred for 1 h, and
the solvent was then removed under vacuum. The resulting yellow
residue was dissolved in CH,Cl, and filtered through celite. The
solvent was removed under vacuum to yield a light yellow foam-up
solid, which was washed with cold hexanes and vacuum dried to
give 2.63 g (4.37 mmol, 96%) of 2: IR (¢cm™!, CHCl;) 1670 (vn=,
s), 15680 (vc=0, m); 'H NMR (8, CDCl,) 7.97-7.37 (m, 15 H), 5.25
(s, 5 H), 3.11 (s, 3 H); '*C NMR (ppm, CDCly) 196.5 (d, Jusc_ap
= 4.8 Hz), 135.2 (d, J = 55 Hz), 133.2 (d, J = 11.0 Hz), 130.0, 128.0
(d, J = 10.6 Hz), 91.6 49.0; mass spectrum (70 eV), m/e 603 (M™,
187Re, 16%), 572 (M* — OCHj, 100), 544 (M* — CO,CH,, 52).

Preparation of (-)-(RS)-(9-C;H;)Re(NO)(PPh,)-
(CONHCH(CH;)C,H;) ((-)-(RS)-8). Ester 2 (3.00 g, 4.98 mmol)
was dissolved in 100 mL of toluene, and (-)-(S)-a-(1-naphthyl)-
ethylamine (1.70 g, 9.94 mmol) was added. The reaction was
stirred for 2 h, and the toluene was then removed under vacuum
to give a dark yellow-brown oil/solid mixture. This was dissolved
in 50 mL of benzene, upon which 150 mL of hexane was layered.
The layers were allowed to diffuse, and the resulting yellow-orange
precipitate was collected and washed twice with hexane to give
(-)-(RS)-8 of 295% diastereomeric purity (1.48 g, 1.29 mmol,
80%). The (-)-(RS)-8 was recrystallized two to three additional
times until a constant rotation (Table I) was reached: IR (cm™,
CHC13) 1644 (VN!O, S), 1532 (VC=0v m); 1I‘I NMR (5, CDC13)
naphthyl H at 8.18 (d, Jiz1y = 7.8 Hz, 1 H), 7.83 (d of d, J =
7.9,2.2Hz,1H),7.72 (d of d, J = 7.9, 2.2 Hz, 1 H), naphthyl and
phenyl H at 7.56-7.40 (m, 19 H), 5.74 (pseudoquintet, J = 7 Hz,
CH;CH(Np)NH), 5.58 (d, J = 7.8 Hz, NH), 5.21 (s, C;H;), 0.99
(d, J = 6.6 Hz, CHj), decoupling of the 0.99 resonance converted
the 5.74 resonance to a doublet (J = 7.7 Hz); *C NMR (ppm,
CDCl,) 189.7 (d, Jusc_sp = 12.0 Hz, ReCONHR), aryl carbons at
141.2 (Np), 186.2 (d, J = 55.4 Hz, ipso PPhy), 133.8 (d,J = 11.5
Hz), 131.4, 130.2,128.5 (d, J = 11.2 Hz), 128.2, 127.2, 126.9, 125.6,
125.4, 125.3, 124.5, 122.2, 92.2 (C;H;), 44.2 (CH4C), 20.9 (CH,);
mass spectrum (70 eV), m/e 742 (M*, ¥Re, 14%); 572 (M* -
C,oH,CH(CH3)NH, 71), 544 (M* - C,(H,CH(CH3;)NHCO, 24),
262 (PPhg, 100). Anal. Calcd for C4H3N,O,PRe: C, 58.29; H,
4,35; N, 3.78; P, 4.18. Found: C, 58.05; H, 4.40; N, 3.76; P, 4.07.

Preparation of (-)-(R)-[(n-C;H;)Re(NO)(PPh;)(CO))*PF,~
((-)-(R)-1). To CH,Cl, (40 mL) was added 2.00 g (2.70 mmol)
of (-)-(RS)-8. CF3CO,H (0.70 g, 6.0 mmol) was then added, and

(36) Patton, A. T.; Strouse, C. E.; Gladysz, J. A., manuscript in prep-
aration.

(37) Brunner, H.; Doppelberger, J. Chem. Ber. 1978, 111, 673.

(38) Chardnnat, R.; Harispe, M.; Harispe, J. V.; Chevillard, L. Bull.
Soc. Chim. Fr. 1948, 15 (series 5), 1014.

(39) Hengtes, S. G. Ph.D. Dissertation, Stanford University, 1980.
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the reaction was stirred for 10 min. The solvent was removed
by rotary evaporation to give a dark yellow oil which was extracted
with H;O until the H,0 extracts were colorless (ca. 400 mL). The
extracts were added to a solution of NaBF, (0.50 g, 5.4 mmol)
in 256 mL of H,0. The resulting yellow precipitate was collected
by filtration and recrystallized from CH,Cl,/hexanes to give 1.74
g (2.64 mmol, 98%) of (-)-(R)-1. The aqueous supernate was
neutralized with K,COj3, and the resulting milky white suspension
was extracted with CH,Cl, to give (after brine washing, drying,
and CH,Cl, removal) (-)-(S)-a-(1-naphthyl)ethylamine as a slightly
yellow oil, [a]%;5g5 —76°.

Preparation of (+)-(S)-[(n-C;H;)Re(NO)(PPh3)(CO)J*PF,
((+)-(S)-1). The amide remaining in the supernate (principally
(+)-(S8)-8) from the above preparation of (-)-(RS)-8 was con-
verted to (+)-(S)-1 (ca. 70% ee) as described for (-)-(R)-1 above.
This (+)-(S)-1 was subjected to a second resolution cycle using
(+)-(R)-a-(1-naphthyl)ethylamine, so that the less soluble (+)-
(SR)-8 precipitated. The (+)-(SR)-8 was converted to (+)-(S)-1
by the same procedure as employed above for its enantiomer.

Preparation of (-)-(R)-(1-C;H;)Re(NO)(PPh;)(COOCH;)
((-)-(R)-2). To 50 mL of CH;0H was added 0.150 g (6.5 mmol)
of sodium. After the sodium dissolved, the solution was cooled
to —24 °C (CCl,/CO, bath). Then (-)-(R)-1 (1.00 g, 1.562 mmol)
was added. The (-)-(R)-1 dissolved over several minutes, and then
a new yellow solid precipitated. The reaction mixture was stirred
for an additional 20 min and then worked up as above for (£)-2
to give 0.95 g (1.58 mmol, 96%) of (-)-(R)-2.

Preparation of (-)-(RR)-(n-C;H;)Re(NO)(PPh,)-
(CONHCH(CH;)C; H,) ((-)-(RR)-8). Ester (-)-(R)-2(0.212 g,
0.352 mmol) was dissolved in 30 mL of toluene, and (+)-(R)-
a-(1-naphthyl)ethylamine (0.061 g, 0.356 mmol) was then added.
The reaction was stirred for 2 h and worked up as described above
for (-)-(RS)-8. A benzene/hexane recrystallization gave 0.248 g
(0.334 mmol, 95%) of (-)-(RR)-8 which by examination of the
n-CgHj region in the 'H NMR spectrum was judged to be con-
taminated with 0.9 £ 0.1% of (+)-(SR)-8: IR (cm!, CHCl,) 1643
(vn=0» 8), 1539, (vomp, m); 'H NMR (5, CDCl) naphthyl H at 8.00
(4, Jiygyy =86 Hz, 1 H), 7.82 (d of d,J = 7.7, 1.1 Hz, 1 H), 7.76
(d, J = 8.2 Hz, 1 H), naphthyl and phenyl H at 7.44~6.99 (m, 19
H), 5.66-5.74 (br m, 2 H, CH;CH(Np)NH), 5.29 (s, C;H;), 1.49
(br d, J = 6.0 Hz, CH,); 13C NMR (ppm, CDCl,) 191.2 (d, Jisgap
= 4.4 Hz, ReCONHR), aryl carbons at 141.2 (Np), 135.6 (d, J =
55.1 Hz, ipso PPh;), 133.9, 133.5 (d, J = 10.9 Hz), 129.9, 127.9
(d,J = 10.2 Hz), 127.2, 126.8, 125.6, 125.5, 125.4, 125.2, 124.1, 122.8,
92.7 (CsHy), 44.2 (CH,C), 24.2 (CHy).

Preparations of (-)-(R)-(9-C;H;)Re(NO)(PPh;3)(CH;)
((-)-(R)-3) and (+)-(S)-(n-C;H;)Re(NO)(PPh;)(CHy) ((+)-
(S)-3). The conversions of (-)-(R)-1 to (-)-(R)-3 and (+)-(8)-1
to (4)-(S)-3 were effected with NaBH, analogous to the published
procedure for racemic material.?

Preparations of (-)-(R)-[(n-C;H;)Re(NO)(PPh;)(=
CH,)]*PF; ((-)-(R)-4) and (+)-(S)-([(n-Cs;H;)Re(NO)-
(PPh,)(=CH,)]*PF; ((+)-(S)-4). These were synthesized from
(-)-(R)-3 and (+)-(S)-3, respectively, using Phy*PFg™ as previously
described for the racemate.?

Preparations of (+)-(Sg.)- and (-)-(Rg.)-[(n-CsH;)Re-
(NO)(PPh;)(CH,P*Ph,(0O-1-menthyl)) JPFg ((+)-(Sg.)-7 and
(-)-(Rg.)-7). Methyl complex (+)-(S)-3 (0.130 g, 0.233 mmol) was
dissolved in 20 mL of CH,Cl,. The solution was cooled to 78
°C, and PhyC*PFy (0.091 g, 0.234 mmol) was added. After 0.5
h, (<)-PhyP(O-l-menthyl) (0.090 g, 0.264 mmol) was added. The
resultant yellow solution was stirred for 15 min at -78 °C and
then allowed to warm to room temperature. The solvent was
removed under vacuum and the remaining yellow residue tritu-
rated with hexanes. Crystallization from CH,Cl,/hexanes gave
0.231 g (0.222 mmol, 96%) of (+)-(Sge)-7. The less crystalline
(=)-(Rge)-7 diastereomer was prepared in a similar fashion from
(-)-(R)-3 and purified by trituration. To assay for the ee of 3,
the above reaction was conducted in CD,Cl, in a 5-mm NMR
tube.?? Typical reaction quantities: 0.027 mmol of 3; 0.030 mmol
of PhyC*PFg~; 0.35 mmol of (-)-(CgHj)oP(O-i-menthyl). The
relative integrals of the 7-CsH; 'H NMR resonances of (+)-(Sg,)-7
and {-)-(Rg.)-7 were determined in situ.

Data on (+)-(Sg,)-7: IR (cm™, CHCly) 1661 (yn=0, 8); 'H NMR
(6, CDCly) 7.73-7.30 (m, 25 H), 4.79 (s, 5 H), 3.76 (m, POCHRR/),
2.74 (pseudo d), 2.66 (m, ReCH,P), menthyl resonances at 1.93

Merrifield, Strouse, and Gladysz

(quintet, J = 7.1 Hz, 1 H), 1.50 (m, 5 H), 1.03 (m), 0.87 (d, J =
7.1 Hz), 0.75 (d, J = 6.1 Hz), 0.28 (d, J = 6.8 Hz, 3 H); 1)C NMR
(ppm, CDCly) aryl carbons at 134.4, 134.2, 134.1, 133.8, 133.6, 133.4,
133.3, 133.2, 133.1, 130.8, 129.4, 129.1, 129.0, 128.9, 128.3, 126.3
(some resonances part of 3!P-coupled doublets), 90.3 (C;H;), 82.8
(d, Jucsip = 10.6 Hz, POC), 48.8 (d, J = 6.0 Hz, ReCH,P), other
menthyl resonances at 56.9, 42.8, 33.5, 31.4, 25.5, 22.5, 21.9, 21.0,
15.3.

Data on (-)-{Rg,)-7: IR (cm™, CHCl) 1660 (vn=0, 5); 'H NMR
(6, CDCl,) 7.74-7.10 (m, 25 H), 4.79 (s, 5 H), 3.78 (m, POCHRR)),
2.85 and 2.68 (two d of d, ReCH,P, which each collapse to d, 11y
= 13.2 Hz with 3'P decoupling), menthy! resonances at 1.74-0.94
(m), 0.88 (d, J = 7.6 Hz), 0.80 (d, J = 4.9 Hz), 0.17 (d, J = 6.9
Hz, 3 H); 3C NMR (ppm, CDCl,) aryl carbons at 135.5, 134.1,
133.8, 133.3, 133.2, 133.0, 130.9, 129.6, 129.5, 128.9, 128.3, 126.3
(some resonances part of *'P-coupled doublets), 90.4 (C;H;), 82.4
(d, Jusc_sip = 8.1 Hz, POC), 48.6 (br s, ReCH,P), other menthyl
resonances at 56.9, 43.1, 33.5, 31.7, 25.4, 22.6, 22.5, 21.8, 21.0, 15.2.

Anal. Calced for CgHoFsNO,PsRe (mixture of (+)-(Sg.)-7 and
(-)-(Rge)-7): C, 53.08; H, 4.74; N, 1.35; P, 8.93. Found: C, 53.07;
H, 4.92; N, 1.35; P, 8.75.

Preparations of 5b—f, 6, and Other (3-C;H;)Re(NO)-
(PPhy)(COOR) and (9-C;H;)Re(NO)(PPhg)(CONHR) Ad-
ducts. Because of our understandably provisional interest in these
adducts, they were not characterized to the same extent as the
other new rhenium complexes. The synthesis of 5b—f closely
followed the published synthesis of 5a?® and (+)-(Sg,)-7 above:
'H NMR (9 CDCly, 7-CsH; resonances of diastereomers) 5b, 5.310
and 5.291, 5¢, 5.270 and 5.263, 5d, 5.109 and 5.098, 5e, 5.137 and
5.114, 5f, 4.989 and 4.948. Oily alky! 6 was prepared from 4 in
a fashion analogous to the published synthesis of (3-C;Hs)Re-
(NO)(PPhy)(CH,OCH,):?® 'H NMR (6 CDCl;, n-C;H;) 5.383 and
5.363. The reactions of l-a-phenethylamine and nopinylamine
with 2 were conducted in a fashion identical with that of (-)-
(S)-a-(1-naphthyl)ethylamine above. Amide adducts analogous
to 8 formed with n-CsH; 'H NMR resonances at (5, CDCly) 5.234,
5.218 and 5.238, 5.218, respectively. Ester (n-CsH;)Re(NO)-
(PPh;)(COO-I-menthyl) was prepared by the reaction of 2 (2.00
g, 3.32 mmol) with {-menthol (0.622 g, 3.99 mmo) in toluene (150
mL) containing two drops of CF3CO,H. The toluene was removed
under vacuum, and the resulting yellow oil was extracted with
pentane until the extracts were colorless. The pentane extracts
were cooled to —78 °C for 2 h, and the resulting yellow solid
product was isolated by Schlenk filtration. Upon warming to room
temperature, the ester (0.740 g, 1.02 mmol, 31%) ociled. The CsH;
'H NMR resonances (5, CDCly) indicated some diastereomer
enrichment: 5.234, 5.218; ca. 60:40 ratio.

Preparations of (-)-(R)-(n-C;H;)Re(NO)(PPhy)(CH,CH;)
((-)-(R)-9) and (+)-(S)-(n-CsH;)Re(NO)(PPh;)(CH,CeH;)
((+)-(S)-9). These were synthesized by the sequential treatment
of (-)-(R)-3 and (+)-(S)-3, respectively, with PhyC*PF¢ and
CeH;Li, as described previously for the racemate.*®

Preparations of (-)-(R)-(n-C;H;)Re(NO)(PPh;)(CH,CH;)
((=)-(R)-10) and (+)-(S)-(n-CsH;)Re(NO)(PPhy)(CH,CH;)
((+)-(8)-10). These were synthesized by the sequential treatment
of (-)-(R)-3 and (+)-(S)-3, respectively, with PhyC*PF; and CH,Li
as described previously for the racemate.®

Preparations of (-)-(R)-(n-C;H;)Re(NO)(PPh;)(CHO)
((-)-(R)-11) and (+)-(S)-(n-C;H;)Re(NO)(PPhy)(CHO)
((+)-(8)-11). These synthesized by NaBH, reduction of (-)-(R)-1
and (+)-(S)-1, respectively, in THF/H,0 as previously described
for the racemate.
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Several oxidative reactions of different halogens to dinuclear complexes Iry(u-t-BuS),(CO),L, (L = CO,
P(OMe);, PMe,Ph, PMe;) have been carried out in nondonor solvents such as toluene or dichloromethane.
Different behavior has been observed depending upon the nature of the halogen. Addition of 1 molar equiv
of iodine leads to quantitative formation of Ir(II) complexes of general formula Iry(u-t-BuS),(CO),L,I,.
Further addition of a second molar equivalent of iodine gives rise to dinuclear iridium(III) compounds
Irg(u-t-BuS),(CO),Lol,. Isomorphous complexes have been formed by addition of bromine. However, Ir(II)
species could never be prepared quantitatively since Ir(III) complexes are always formed preferentially.
Oxidative addition of chlorine has also been observed. However, substitution of both thiolato groups by
chlorine atoms to give Ir(III) dinuclear complexes, Ir,(u-C1),(CO),L,Cly, is a competitive process. An X-ray
diffraction study of Iry(u-t-BuS),(CO),(PMe,Ph),l, has been performed. This compound crystallizes with
four formula units in the monoclinic space group C3,—P2;/c in a cell of dimensions a = 16.997 (2) A, b
=14.911 (3) A, ¢ = 13.411 (3) A, and 8 = 91.17 (1)°. On the basis of 3390 unique reflections the structure
was refined by full-matrix least-squares techniques to conventional indices R(F) = 0.046 and R, (F) = 0.055.
The molecular architecture of this dinuclear complex can be described in terms of two square-planar pyramids
around each iridium atom sharing an edge formed by the two sulfur atoms. The flap angle between the
two basal planes is 83.8°. The two iodine atoms occupy the two axial positions, and the two phosphine
ligands are mutually cis; the Ir-Ir separation is of 2.702 (1) A. Other bond distances of interest are the
following: Ir (1)-I(1) = 2.742 (2) A, Ir(2)-1(2) = 2.712 (2) A, Ir(1)-P(1) = 2.318 (5) &, Ir(2)-P(2) = 2.311
1({)) A, Ir (1)-S(1) = 2.383 (5) A, Ir(1)-S(2) = 2.373 (5) A, Ir(2)-S(1) = 2.372 (5) A, Ir(2)-S(2) = 2.391 (5)

Introduction

During our investigations of the reactivity of dinuclear
iridium(I) complexes toward alkyl halides we observed the
very fast reaction of 1 molar equiv of CH;l to give ap-
preciable amounts of complexes Iry(u-t-BuS),(CO),-
(PRy),I,. Such compounds, formulated as iridium(II)
species, were of interest to us, and a systematic study of
their preparation by direct oxidative addition of iodine was
undertaken. An extension of such reactions to the other
halogens has been carried out. Such complexes are, in
principle, starting materials for the preparation of other
such complexes by substitution of the iodide ligands.
Moreover, there are very few known dinuclear iridium(II)
complexes,>° and since some of them were proposed as

(1) Preliminary communication: Bonnet, J.-J.; Kalck, Ph.; Poilblane,
R. Angew. Chem., Int. Ed. Engl. 1980, 19, 551.

(2) To whom correspondence should be addressed at Laboratoire de
Chimie Minérale et de Cristallochimie, Ecole Nationale Superieure de
Chimie, 118 route de Narbonne, 31077 Toulouse Cedex, France.

(3) Moers, F. G.; de Jong, J. A. N.; Beaumont, P. M. H. J. Inorg. Nucl.
Chem. 1973, 35, 1915.

intermediates during the oxidative addition of alkyl halides
to mononuclear iridium(I) complexes, the relevance to the
mechanism of the addition prompted us to study the ad-
dition of iodine in more detail.

Experimental Section

Synthetic Work and Spectroscopic Data. The complexes
Iry(u-t-BuS),(CO)4 (1) and Iry(u-t-BuS),(CO),L, where L = P-

(4) Angoletta, M.; Bellon, P. L.; Manassero, M.; Sansoni, M. J. Orga-
nomet. Chem. 1974, 81, C40.

(5) Mason, R.; Thomas, K. M.; Empsall, H. D,; Fletcher, S. R.; Heys,
P. N.; Hyde, E. M,; Jones, C. E.; Shaw, B. L. J. Chem. Soc., Chem.
Commun. 1974, 612,

(6) Aranes, A.; Morazzoni, F.; Napoletano, T. J. Chem. Soc., Dalton
Trans. 1975, 2039,

(7} Pilloni, G.; Schiavon, G.; Zotti, G.; Zecchin, S. J. Organomet. Chem.
1977, 134, 305.

(8) Angoletta, M.; Malatesta, L.; Caglio, G. J. Chem. Soc., Dalton
Trans. 1977, 2131.

(9) Bonnet, J.-J.; Thorez, A.; Maisonnat, A.; Galy, J.; Poilblanc, R. J.
Am. Chem. Soc. 1979, 101, 5940.

(10) Kalck, Ph.; Bonnet, J.-J.; Poilblanc, R. J. Am. Chem. Soc. 1982,
104, 3069.
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axis b, Table III, summary of crystallographic data for (-)-(R)-9,
Table IV, bond lengths and short interatomic nonbonded contacts
in (-)-(R)-9, Table V, bond angles in (-)-(R)-9, Table VI, calculated
atomic coordinates and thermal factors of (-)-(R)-9, Table VII,
atomic coordinates of (-)-(R)-9 (atoms refined anisotropically),
and Table VIII, calculated and observed structure factors for
(-)-(R)-9 (29 pages) Ordering information is given on any current
masthead page.
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Ir,(u-t-BuS),(CO),(PMe,Ph),I,"

Philippe Kalck*? and Jean-Jacques Bonnet
Laboratoire de Chimie de Coordiation du CNRS Associé & I'Université Paul Sabatier, 31400 Toulouse, France

Received March 26, 1982

Several oxidative reactions of different halogens to dinuclear complexes Iry(u-t-BuS),(CO),L, (L = CO,
P(OMe);, PMe,Ph, PMe;) have been carried out in nondonor solvents such as toluene or dichloromethane.
Different behavior has been observed depending upon the nature of the halogen. Addition of 1 molar equiv
of iodine leads to quantitative formation of Ir(II) complexes of general formula Iry(u-t-BuS),(CO),L,I,.
Further addition of a second molar equivalent of iodine gives rise to dinuclear iridium(III) compounds
Irg(u-t-BuS),(CO),Lol,. Isomorphous complexes have been formed by addition of bromine. However, Ir(II)
species could never be prepared quantitatively since Ir(III) complexes are always formed preferentially.
Oxidative addition of chlorine has also been observed. However, substitution of both thiolato groups by
chlorine atoms to give Ir(III) dinuclear complexes, Ir,(u-C1),(CO),L,Cly, is a competitive process. An X-ray
diffraction study of Iry(u-t-BuS),(CO),(PMe,Ph),l, has been performed. This compound crystallizes with
four formula units in the monoclinic space group C3,—P2;/c in a cell of dimensions a = 16.997 (2) A, b
=14.911 (3) A, ¢ = 13.411 (3) A, and 8 = 91.17 (1)°. On the basis of 3390 unique reflections the structure
was refined by full-matrix least-squares techniques to conventional indices R(F) = 0.046 and R, (F) = 0.055.
The molecular architecture of this dinuclear complex can be described in terms of two square-planar pyramids
around each iridium atom sharing an edge formed by the two sulfur atoms. The flap angle between the
two basal planes is 83.8°. The two iodine atoms occupy the two axial positions, and the two phosphine
ligands are mutually cis; the Ir-Ir separation is of 2.702 (1) A. Other bond distances of interest are the
following: Ir (1)-I(1) = 2.742 (2) A, Ir(2)-1(2) = 2.712 (2) A, Ir(1)-P(1) = 2.318 (5) &, Ir(2)-P(2) = 2.311
1({)) A, Ir (1)-S(1) = 2.383 (5) A, Ir(1)-S(2) = 2.373 (5) A, Ir(2)-S(1) = 2.372 (5) A, Ir(2)-S(2) = 2.391 (5)

Introduction

During our investigations of the reactivity of dinuclear
iridium(I) complexes toward alkyl halides we observed the
very fast reaction of 1 molar equiv of CH;l to give ap-
preciable amounts of complexes Iry(u-t-BuS),(CO),-
(PRy),I,. Such compounds, formulated as iridium(II)
species, were of interest to us, and a systematic study of
their preparation by direct oxidative addition of iodine was
undertaken. An extension of such reactions to the other
halogens has been carried out. Such complexes are, in
principle, starting materials for the preparation of other
such complexes by substitution of the iodide ligands.
Moreover, there are very few known dinuclear iridium(II)
complexes,>° and since some of them were proposed as

(1) Preliminary communication: Bonnet, J.-J.; Kalck, Ph.; Poilblane,
R. Angew. Chem., Int. Ed. Engl. 1980, 19, 551.

(2) To whom correspondence should be addressed at Laboratoire de
Chimie Minérale et de Cristallochimie, Ecole Nationale Superieure de
Chimie, 118 route de Narbonne, 31077 Toulouse Cedex, France.

(3) Moers, F. G.; de Jong, J. A. N.; Beaumont, P. M. H. J. Inorg. Nucl.
Chem. 1973, 35, 1915.

intermediates during the oxidative addition of alkyl halides
to mononuclear iridium(I) complexes, the relevance to the
mechanism of the addition prompted us to study the ad-
dition of iodine in more detail.

Experimental Section

Synthetic Work and Spectroscopic Data. The complexes
Iry(u-t-BuS),(CO)4 (1) and Iry(u-t-BuS),(CO),L, where L = P-

(4) Angoletta, M.; Bellon, P. L.; Manassero, M.; Sansoni, M. J. Orga-
nomet. Chem. 1974, 81, C40.

(5) Mason, R.; Thomas, K. M.; Empsall, H. D,; Fletcher, S. R.; Heys,
P. N.; Hyde, E. M,; Jones, C. E.; Shaw, B. L. J. Chem. Soc., Chem.
Commun. 1974, 612,

(6) Aranes, A.; Morazzoni, F.; Napoletano, T. J. Chem. Soc., Dalton
Trans. 1975, 2039,

(7} Pilloni, G.; Schiavon, G.; Zotti, G.; Zecchin, S. J. Organomet. Chem.
1977, 134, 305.

(8) Angoletta, M.; Malatesta, L.; Caglio, G. J. Chem. Soc., Dalton
Trans. 1977, 2131.

(9) Bonnet, J.-J.; Thorez, A.; Maisonnat, A.; Galy, J.; Poilblanc, R. J.
Am. Chem. Soc. 1979, 101, 5940.

(10) Kalck, Ph.; Bonnet, J.-J.; Poilblanc, R. J. Am. Chem. Soc. 1982,
104, 3069.
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(OMe); (2), PMe,Ph (8), and PMe, (4) were prepared as previously
described.!? Since the starting materials are air sensitive, all
reactions were carried out under dry oxygen-free nitrogen by using
solvents saturated with nitrogen prior to use. Hexachloroiridic
acid, tert-butyl mercaptan, n-butyllithium, trimethyl phosphite,
iodine, bromine, chlorine, iodine monobromide, and galvinoxyl
were of commercial origin.

Infrared spectra were obtained with a Perkin-Elmer 225 grating
apparatus equipped with a scale expander working in optical
density. Either hexadecane, dichloromethane solutions, or cesium
bromide pellets were the media used. In the yog region of interest,
the spectra were calibrated by water vapor lines. H and P NMR
spectra were obtained on a Bruker WH 90 spectrometer and 3C
spectra on a Cameca apparatus (62.86 MHz). Deuteriochloroform
was used as solvent and tetramethylsilane as internal standard.

Elemental analyses were carried out by the “Service Central
de microanalyses du C.N.R.S.”. Molecular weights were deter-
mined by tonometry in benzene solutions by using a Mechrolab
apparatus.

Preparation of Iry(u-t-BuS),(CO),L,I,, 5 (L. = CO). A
0.1836-g sample of Iry(u-t-BuS),(CO), (0.27 mmol) was dissolved
in 10 mL of CH,Cl,, and 0.069 g of iodine (0.27 mmol) was added
at ~10 °C with stirring. The originally yellow solution turned red.
After completion of the reaction (monitored by IR) the solvent
was evaporated slowly under reduced pressure. A bright red
powder was obtained: 0.245 g (97%); IR (hexadecane) anti iso-
mer,? 2099 (vs.), 2078 (m), 2046 (vs) cm™! (vpg); syn-endo isomer,
2092 (vs), 2069 (m), 2039 (vs) cm™ (vgg), (CsBr) 2096 (vs), 2074
(s), 2053 (s), 2045 (s), 2037 (s) cm™'; *H NMR (CDCl,) 1.58, 1.64,
1.65 ppm (¢-BuS); 3C NMR anti isomer, 164.09, 162.30 (CO), 60.76
(Me;C exo), 52.23 (MesC endo), 34.78 (Me;C exo), 33.78 (Me;C
endo), syn-endo isomer 165.48 (CO), 54.29 (Me,(), 33.78 ppm
(MesC). Anal. Caled for C,H,50,S,L,Iry: C, 15.52; H, 1.95; S,
6.91; 1, 27.33. Found: C, 15.72; H, 2.07; S, 6.79; I, 27.13 (mol wt
caled 929, found 938).

6 (L = P(OCHg);). A 0.3671-g sample of Iry(u-t-BuS),-
(CO)o(P(OMe)s), (0.42 mmol) was dissolved in 20 mL of toluene,
and 0.1075 g of iodine (0.42 mmol) was added at room temper-
ature. The orange solution turned red, and after complete dis-
solution of I, the infrared spectra revealed the absence of any
starting material. Stirring was continued for 30 min. The solution
was concentrated under reduced pressure to about 10 mL, and
hexane was added in two layers. Crystallization at -25 °C gave
0.450 g of red crystals (85%): mp 162 °C dec; IR (CH,Cl,) cis-anti
isomer, 2025 (vs), 2005 (m) cm™ (y¢g), (CsBr) 2014 (vs) 1986 (m)
cm™! (veo); 'H NMR (CDCly) 1.57 (¢-BuS endo), 1.63 (t, Jpy =
0.7 Hz, t-BuS exo), 3.85 ppm (d, Jpy = 11.3 Hz, P(OMe);); *'P{'H]}
NMR (CDCly) 79.1 ppm; *C NMR (CDCly) 170.40 (d, Jpc = 14.8
Hz, CO), 54.40 (P(OCHy)3), 34.72 (C(CH;); exo), 33.95 (C-(CHj),
endo), 57.18 (C(CHj,); exo), 50.34 ppm (C-(CHj); endo). Anal.
Calced for CigHggOsPoSoloIry: C, 17.15; H, 3.24; S, 5.72; 1, 22.65.
Found: C, 17.26; H, 3.15; S, 5.60; I, 22.4.

7 (L = PMe,Ph). As the complex Ir, (u-t-BuS),(CO),-
(PMe,Ph), cannot be obtained in the solid form, it was prepared
by direct addition of 0.077 mL of PMe,Ph (0.54 mmol) to 0.1814
g (0.27 mmol) of 1 in 15 mL of toluene. Agitation was maintained

(11) de Montauzon, D.; Poilblanc, R. Inorg. Synth. 1980, 20, 236.

(12) de Montauzon, D.; Kalck, Ph.; Poilblanc, R. J. Organomet. Chem.
1980, 186, 121.

(18) The figure shows the isomerism due to the relative position of the
two CO ligands (cis or trans) and of the two ¢-Bu groups (in this case
anti).

f-Bu 7=-Bu
L;\?ZS'/'I} L ocC ;}gl/igr/; L
///i\\/ ///i\ /
ocC C L CcC
=By #-Bu

cis-anti isomer trans-anti isomer

Kalck and Bonnet

for 15 min, and decarbonylation, as shown by the IR spectra, was
achieved under a slightly reduced pressure. Then 0.068 g of iodine
(0.27 mmol) was added, giving a red solution. After 1 h, hexane
was added in two layers. By slow mutual diffusion of the two
solvents at —25 °C crystallization occurred. Red crystals, 0.278
g, were obtained (90%): mp 222 °C; IR (CH,Cl,) cis-anti isomer,
2007 (vs), 1990 (m sh) cm™ (vcg), (CsBr) 1998 (vs), 1981 (m) cm™!
{(vco); 'H NMR (CDCly) 1.42 (¢-BuS endo), 1.62 (t-BusS exo), 2.17,
1.78 ppm (Jpy = 10.7 Hz, P(CH;),). Anal. Caled for
CoeHy0,8,P.LIry: C, 27.18; H, 3.51; S, 5.58; 1, 22.09. Found: C,
27.08; H, 3.54; S, 5.43; I, 21.94.

8 (L = PMe;). A 0.4190-g sample of Iry(u-t-BuS),(CO)o(PMes),
(0.54 mmol) was dissolved in 20 mL of toluene, and 0.1379 g of
iodine (0.54 mmol) was added at room temperature. The solution
was stirred for 1 h. Petroleum ether (bp 35-45 °C fraction) was
added in order to have two layers. Crystallization at —25 °C gave
0.512 g of twinned brick-red crystals (92%), mp 202 °C. Anal.
Caled for C;¢H30,P,S,1,Ir,: C, 18.75; H, 3.54; S, 6.26; I, 24.77.
Found: C, 19.15; H, 3.56; S, 5.98; I, 23.95. Recrystallization in
toluene/hexane gave first red crystals which were identified as
the cis-anti isomer: mp 206 °C; IR (CH,Cl,) 2004 (vs), 1982 (m)
em™! (veg), (CsBr) 1995 (vs), 1970 (m) em™ (vc); 'H NMR (CDCly)
1.52 (¢-BuS endo), 1.65 (¢-BuS exo), 2.06 (d, Jpy = 11.0 Hz,
P(CH,),); *'P{*H} NMR (CDCl;) ~44.1 ppm; *C{{H} NMR (CDCl;)
172.29 (d, Jp¢ = 13.0 Hz, CO), 56.70 (SCMe; exo0), 49.30 (SCMe,
endo), 33.93 (SC(CHjy); exo), 33.28 (SC(CHj3); endo), 20.04 ppm
(d, Jpc = 40.8 Hz, P(CH,);). At the end of the crystallization
orange-red twinned crystals were obtained which were identified
as the trans-anti isomer: mp 204 °C; IR (CH,Cl,) 2011 (vs), 1980
(m) em™ (vgg), (CsBr) 2008 (vs), 1977 (m) em™ (vc0); 'H NMR
(CDCly) 1.52 and 1.56 (¢-BuS endo and exo) 2.19 (d, Jpy = 10.8
Hz, P(CHy)y), 2.11 ppm (d, Jpy = 11.4, P(CH,),); 'P{'H} NMR
(CDCly) -37.1, -64.8 ppm (P(CHy)g); 1*C{H} NMR (CDCl,) 172.18
(CO), 168.54 (CO), 57.55 (SCMe; exo), 52.99 (SCMe; endo), 34.04
(SC(CHj,); exo), 32.81 (SC(CHj3); endo), 21.89 (d, Jpc = 37.0 Hz,
P(CH,)3), 20.27 ppm (d, Jpc = 40.7 Hz, P(CH,);).

Preparation of Ir,(u-t-BuS),(CO);L,X,, 9 (L = CO; X =
Br). A 0.017-mL sample of bromine (0.334 mmol) was added to
10 mL of a solution containing 0.1126 g of Ir,(u-t-BuS),(CO),
(0.167 mmol). The bright bronze color turned yellow. After 10
min a yellow precipitate appeared. The precipitation was com-
pleted by addition of pentane. The yellow powder was washed
with pentane and dried under reduced pressure (0.146 g, 86%):
mp 196 °C; IR (CH,Cl,) 2138 (vs), 2099 (s) cm™ (y¢g), (CsBr) 2135
(vs), 2093 (s) em™! (veg); 'H NMR (CDCly) 1.57 and 1.64 ppm
(¢-BuS). Anal. Calcd for C{yH,50,S,Br Iry: C, 14.49; H, 1.82;
S, 6.45; Br, 32.14. Found: C, 14.88; H, 1.87; S, 6.27; Br, 32.13.

10 (L = CO; X =1). A 0.247-g sample of Iry(u-t-BuS),(CO),
(0.184 mmol) was dissolved in 10 mL of toluene, and 0.0938 g of
iodine (0.37 mmol) was added slowly. The red solution was stirred
for 2 h. Addition of hexane and crystallization at -25 °C followed
by washing with hexane and drying under reduced pressure gave
microcrystals (0.185 g, 85%, mp 188 °C). Separation of isomers
by recrystallization was unsuccessful. Similar results were ob-
tained when 1 molar equiv of iodine was added to 5: IR (CH,Cl,)
2127 (s), 2106 (vs), 2088 (s), 2084 (m sh) cm™ (vcg); 'H NMR
(CDCI3) 1.76, 1.61 ppm (t‘BuS). Anal. Calcd for 012H1804SQI4II'2:
C,12.19; H, 1.53; S, 5.42; I, 42.93. Found: C, 12.52; H, 1.67; S,
5.12; 1, 42.84.

11 (L = P(OMe);; X = Br). Similar to the preparation of
complex 9, complex 11 was obtained as a yellow powder (yield
90%; mp 153 °C) by addition at room temperature of 2 molar
equiv of bromine to Iry(u-£-BuS),(CO),(P(OMe)g)y: IR (CH,Cly)
2072 (vs br) em™ (ygp), (CsBr) 2064 (vs br) em™ (ve0); 'H NMR
(CDCly) 1.71, 1.68, 1.61, 1.58 (t-BuS), 3.97 (d, Jpy = 11.2 He,
P(OMe)j), 3.94 (d, Jpy = 11.2 Hz, P(OMe)s), 3.69 (d, J = 11.2
Hz, P(OMe)y), 3.63 ppm (d, Jpy = 11.2 Hz, P(OMe);). Anal. Caled
for C,gHa0sP,S,BryIry: C, 16.19; H, 3.06; S, 5.40; Br, 26.94. Found:
C, 16.34; H, 3.14; S, 5.59; Br, 26.66.

12 (L = P(OMe);; X = I). Addition of 1 molar equiv of iodine
to complex 6 in toluene solution gave a quantitative yield of
complex 12, Crystallization was performed at -25 °C in tolu-
ene/hexane solution: IR (CH,Cly) 2067 (vs br) ecm™ (vcg), (CsBr)
2063 (vs br) cm™ (vco); 'H NMR (CDCly) 1.78, 1.66 (¢-BuS), 3.99
(d, Jpy = 11.2 Hz, P(OMe)y), 3.97 (d, Jpy = 11.2 Hz, P(OMe)s),
3.72 (d, Jpy = 11.2 Hz, P(OMe);), 3.65 ppm (d, Jpy = 11.2 Hz,
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Table II. Positional and Thermal Parameters for the Nongroup Atoms of Ir,(u-t-LuS),(CO),(PMe,Ph),I, ¢

atom x y 2 B B2z B33 B2 B3 B2s
Ir(1) 0.28715(5) 0.05507 (5) 0.18771(6) 2.37(3) 1.85(4) 3.56(5) 0.01(3) -0.27(3) -0.11(3)
Ir(2) 0.16427 (5) -0.02421(5) 0.27721(6) 2.48(3) 1.88(4) 4.30(5) -0.10(3) -0.03(3) —0.02(4)
I(1)  0.32454(9)  0.17473 (10) 0.0409 (1) 5.04 (7) 3.98(8) 4.58(9) -0.90(6) -0.29(7) 1.18(7)
I(2)  0.00601(8) -0.0160 (1) 0.2972 (1) 2.76 (6) 4.88(9) 8.3(1) -0.60(6) 0.24 (7) -0.37(8)
P(1)  0.3901 (3) 0.1025 (3) 0.2908 (4) 2.5(2) 2.3(2) 4.0(3) -0.1(2) -0.1(2) 0.0 (2)
P(2)  0.1847(3) ~—0.0557 (4) 0.4445 (4) 4.0(3) 2.8(3) 4.2(3)  0.3(2) 0.5 (2) 0.3 (3)
S(1)  0.1640 (3) 0.0218 (3) 0.1079 (4) 3.0(2)  2.2(2) 4.0(3) 01(2) -07(2) -0.3(2)
S(2) 0.2019 (3) 0.1292 (3) 0.2988 (3) 2.5 (2) 1.9 (2) 4.0(3) 0.2 (2) -0.5(2) -0.2 (2)
C(1) 0.350 (1)  —0.031(2) 0.144 (1) 3.2(7)  4(2) 3(1) ~2(1) ~1.3(7) 0(1)
C(2) 0.161(1)  -0.148 (2) 0.254 (2) 8 (1) 2 (1) 5 (2) 0(1) 0(1) ~1(1)
C(3) 0.158(1)  —0.066 (1) 0.009 (1) 3.6(9) 3(1) 3 (1) ~0.3(8) -0.5(8) 0.0 (9)
C(4) 0.077 (1)  -0.111(1) 0.019 (2) 2.9(9) 5(1) 7(2) ~0.3(9) -1.4(10) -1(1)
C(5) 0.225(1)  —0.133 (1) 0.009 (2) 3.8(10) 4 (1) 5 (2) 0.8(9) -0.7(10) -2(1)
C(6) 0.160(1)  -0.011(2) ~0.086 (2) 5(1) 7(2) 5(1) -2 (1) ~2(1) ~1(1)
C(7)  0.135 (1) 0.226 (1) 0.263 (1) 2.0(8)  3(1) 6 (1) 0.7(7) -1.8(8) -0.2(10)
C(8)  0.194 (1) 0.307 (1) 0.253 (1) 5 (1) 2 (1) 5 (1) 0.1(8) -1.1(10) -0.7(10)
C(9)  0.080 (1) 0.239 (1) 0.353 (2) 4(1) 4 (1) 6 (2) 1.2 (9) 1(1) -1 (1)
C(10) 0.090 (1) 0.213 (1) 0.165 (2) 5 (1) 5(1) 6 (2) 2 (1) ~2(1) -1(1)
C(11) 0.412(1) 0.222 (1) 0.283 (2) 4.1(10) 09(9) 9(2) 0.2(8) -2(1) -1(1)
C(12) 0.379 (1) 0.088 (1) 0.425 (1) 3.7(9)  4(1) 3(1) ~0.6 (8) 1.4(9) -1.2(10)
C(19) 0.112(1)  -0.132 (1) 0.499 (2) 4(1) 5(1) 7(2) ~1.7(10)  1(1) 0(1)
C(20) 0.181 (1) 0.038 (1) 0.528 (1) 8 (1) 3(1) 4(1) ~1.0(10) 1(1) -0.8 (10)
O(1) 0.3940(9) -0.094 (1) 0.125 (1) 3.2(7) 6(1) 13(2) 1.1(7) -1.1(9) -5(1)
o(2) 0.162(1)  -0.222 (1) 0.245 (1) 10 (1)  2.8(9) 8(1) ~1.2 (8) 0 (1) 0.0 (9)

¢ Estimated standard deviations in the least significant figure(s) are given in parentheses in this and all subsequent tables,

The form of the anisotropic thermal ellipsoid is exp[-(8,,
given in the table are the thermal coefficients X 103,

P(OMe)a). Anal. Caled for ClsH3608P2S214II'2: C, 13.98; H, 2.64;
S, 4.66; I, 36.93. Found: C, 14.33; H, 2.68; S, 4.57; I, 36.98,

13 (L = PMey; X = I). The addition of 1 molar equiv of iodine
to complex 8 was performed at —5 °C in CH,Cl, solution. Addition
of petroleum ether and crystallization at ~25 °C gave a red wax.
Recrystallization from toluene/petroleum ether solution gave a
red powder (70%): mp 222 °C; IR (CH,Cl,) 2066 (vs br) cm™
(vco), (CsBr) 2059 (vs br) em™ (vo); TH NMR (CDCly) 1.75, 1.71
(¢-BuS), 2.20 (d, Jpy = 11.2 Hz, PMe;), 1.76, 1.68, 1.65 (¢t-BuS),
2.22 (d, Jpy = 11.2 Hz, PMey), 1.94 (d, Jpy = 11.2 Hz, PMe;), 2.00
(d, JPH =11.2 HZ, PMea), 1.96 ppm (d, JPH =11.2 HZ, PMea).
Anal. Caled for C]_sHasOngSzI“II'Q: C, 15.03; H, 2.84; S, 502, I,
39.70. Found: C, 15.77; H, 2.99; S, 4.83; 1, 39.52.

Preparation of Ir,(u-Cl),(CO),L,Cl, 14 (L = CO). A
0.1930-g sample of complex 1 was dissolved in 15 mL of di-
chloromethane, and chlorine was bubbled in the solution for 30
min. The bronze solution turned rapidly red and then yellow,
and a pale yellow precipitate appeared. Precipitation was com-
pleted by addition of petroleum ether. The powder was washed
and dried under reduced pressure (0.142 g, 70%): mp 230 °C;
IR (CH,Cly) 2158 (vs), 2127 (vs) em™ (vgg), (CsBr) 2148 (vs), 2121
(vs) em™ (vgo); Raman (KBr) 2220 (vs), 2210 (vs) cm™ (vog). Anal.
Calcd for C,0,ClIry: C, 6.77; Cl, 29.99. Found: C, 6.54; H, traces;
Cl, 29.57.

15 (L = P(OMe);). Similarly this complex was obtained by
chlorination of Iry(u-t-BuS),(CO)4(P(OMe)a), at room temperature.
The pale yellow powder obtained was analyzed as Ir,Clg(CO),-
(P(OMe)s); (yield 92%), mp 205 °C. Anal. Caled for
CgH,304ClgP,Iry: C, 10.66; H, 2.01; Cl, 23.60. Found: C, 10.62;
H, 2.01; S, traces; C], 23.17.

Collection and Reduction of X-ray Data for Compound
7. Preliminary Laue and precession photographs indicated
monoclinic symmetry. Systematic extinctions (0kO, k = 2n +
1, and hOL, [ = 2n + 1) are consistent with space group C3,—P2, /c.
The selected crystal was centered on a Nonius CAD-4 diffrac-
tometer. Unit-cell parameters were obtained from a least-squares
fit of the setting angles of the Mo Ka peaks of 25 high-angle
reflections. These parameters are reported in Table I together
with pertinent crystal data. Intensities were collected by using
the w—28 scan technique. The scan width was (1 + 0.35 tan 6)°.
Background measurements were obtained during a scan, at each
end of the scan interval, with the total duration equal to half of
. the scan time. A total of 5752 intensities (h > 0, k > 0, +!) were
measured within the interval 3 < 26(Mo Ka) < 48°. Four check
reflections were monitored every 2 h of X-ray exposure and showed
no significant changes in intensity.

h® + 8,,k% + 8,,1* + 28,,hk + 28 .kl + 24,,kD)].

The quantities

Data processing was carried out by using a local program.*
Peak counts were corrected for background to yield the net in-
tegrated intensity I. The standard deviations of the intensities
were calculated according to the formula o(I) = {CT + 0.25(B,
+ By) + (pD)#1/2, where CT is the total integrated peak count,
B; and B, are background counts and I = Ct - 0.5(B, + B,). The
value of p was selected as 0.02. The values of I and o(I) were next
corrected for Lorentz and polarization effects. The 3390 unique
reflections having F 2 > 3¢(F,?) were used in subsequent calcu-
lations. An absorption correction was applied to the data.!*

Solution and Refinement of the Structure. The structure
was solved by standard Patterson and Fourier methods and re-
fined by full-matrix least-squares techniques.'* Values of the
atomic scattering factors and the anomalous terms were from the
usual sources.’® The effects of anomalous dispersion for the Ir,
8, and P atoms were included in F,.'® The phenyl rings attached
to P atoms were treated as rigid groups (Dg, symmetry, C-C
distance of 1.392 A). Refinement of an isotropic model converged
to R(F) = 0.082 and R,(F) = 0.092.

Anisotropic thermal parameters were then used for the 24
independent atoms, while carbon atoms of the phenyl rings were
assigned isotropic thermal parameters. The final agreement
factors were R(F) = 0.046 and R (F) = 0.055. A final difference
Fourier map shows some peaks of the order 0.5 (2) e/A® associated
with the benzene rings. These peaks are approximately 10% of
the heights of typical light-atom peaks on earlier Fourier map.
Thus the final difference Fourier map is essentially featureless.

In Table II we present the atomic parameters of the nongroup
atoms together with their standard deviations as derived from
the inverse matrix. Group parameters appear in Table III. Table
IV lists the root-mean-square amplitudes of vibration for those
atoms refined anisotropically.!” A listing of F, vs. F, is available.””

(14) All calculations have been performed by using CII IRIS 80 com-
puter of the “Centre Interuniversitaire de Calcul de Toulouse”. In ad-
dition to various local programs, modified versions of the following ones
were employed: Ibers’ AGNOST absorption program which includes both
the Coppens-Leisserrowitz—Rabinovich logic for Gaussian integration and
the Tompa de Meulenaur analytical method; Zalkin’s FORDAP Fourier
summation program; Johnson’s ORTEP thermal ellipsoid plotting program;
Busing and Levy’s ORFFE error function program; Ibers’ NUCLS full-matrix
least-squares program, which in its nongroup form resembles the Busing
and Levy’s ORFLS program.

(15) Cromer, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Table 2.2A. Cromer, D. T. Ibid. Table 2.3.1.

(16) Ibers, J. A.; Hamilton, W. C. Acta Crystallogr. 1964, 17, 781-782.
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Table ITI. Derived Parameters for the Rigid-Group Atoms of Ir,(u-t-BuS),(CO),(PMe,Ph),I,
atom x y z B, A? atom x ¥ z B, A?
C(13) 0.4840(6) 0.0508(9) 0.2645(10) 3.1(4) C(21) 0.2779(6) -0.1164(9) 0.473 (1) 2.9 (4)
C(14) 0.5202(8) 0.0730(9) 0.1756(9)  4.0(5) C(22) 0.3246(8) -0.1469(10) 0.3960(7) 4.3 (5)
C(15) 0.5911(8) 0.033 (1)  0.1511(9)  6.3(6) C(23) 0.3921(8) -0.197 (1) 0.4176 (10) 5.2 (5)
C(16) 0.6259(7) =0.030(1) 0.215(1) 59(6) C(24) 0.4130(7) -0.2158(10) 0.516(1) 5.2 (5)
C(17) 0.5898(8) —0.0517 (9) 0.304 (1) 4.6 (5) C(25) 0.3664(9) -0.185(1) 0.5932 (8) 5.2 (5)
C(18) 0.5188(8) -0.0115(9) 0.3288(8) 3.7(4) C(26) 0.2988 (8) -0.1356(10) 0.5716(8) 4.9 (5)
Rigid-Group Parameters?® - B
ki *c Ye Zc A N 1 I
a(1) 0.5550 (5) 0.0107 (6) 0.2399 (7) -3.16 (2) -2.121 (9) 0.51(2)
$(2) 0.3455 (5) ~0.1661 (6) 0.4946 (7) 1.20 (5) -1.767 (8) -1.37 (5)

% xc, Yo, and z¢ are the fractional coordinates of the origin of the rigid group. The rigid-group orientation angles A, e,
and n (radians) have been defined previously (La Placa, 8. J.; Ibers, d. A. Acta Crystallogr. 1965, 18, 511).

Results and Discussion

Syntheses of Compounds 5-15. The syntheses of
compounds 5-15 as described in the Experimental Section
show the following trends in the chemistry of oxidative
addition of halogens to thiolato-bridged dinuclear iridi-
um(I) compounds. The more interesting reactions have
been observed when oxidative reactions are carried out by
the direct action of iodine. Indeed, even at room tem-
perature, addition of 1 molar equiv of iodine/equiv of
starting material gives compounds corresponding to the
first step of the oxidative process, i.e., complexes of Ir(II)
in quantitative yield. Reactions of these Ir(II) compounds
with a second equivalent of iodine finally give Ir(III)
complexes. Thus, reactions leading to compounds 5-8 can
be written as shown in eq 1, where L. = CO, P(OMe),,

20 °C
Iry(u-t-BuS),(CO), L, + I, toluene

Irz(ﬂ.-t-BuS)g(CO)ngIg {1)

PMe,Ph, and PMe;. Reactions giving compounds 10, 12,
and 13 proceed as shown in eq 2.

20 °C

Iry(u-t-BuS)y(CO),LoI, + I,

toluene

Iry(u-t-BuS),(CO), Lo 1, (2)

All these compounds are obtained in very clean reactions
(easily effected, high yields, products isolated as pure
crystalline materials). A slight excess of iodine, even in
concentrated solutions of Ir(II) complexes, does not lead
to dinuclear Ir(III) compounds other than those described
in eq 2. For instance, no substitution of the thiolato-
bridging groups by iodide has been observed. The rgq
stretching frequencies are, as expected, ca. 50 cm™ higher
in Ir(I) complexes and ca. 100 cm™ higher in Ir(III) di-
nuclear compounds than in the starting Ir(I) complexes
(see Experimental Section).

The behavior of bromine is somewhat different than that
of iodine. Indeed, although the general scheme presented
by the above reactions 1 and 2 still describes the oxidative
action of bromine, Ir(II) compounds of type Iry(u-t-
BuS),(C0);L,Br, cannot be obtained as pure materials
because the second step leading to Ir(III) complexes takes
place very quickly and gives rise to compounds Ir,(u-t-
BuS),(CO),L,Br, (L. = CO, 9; L = P(OMe)s, 11). However,
Ir(IT) compounds with bromine substituents have been
detected by IR spectroscopy during the slow addition of
bromine to dilute solutions of the starting Ir(I) materials.
Indeed, the IR spectra after addition of 1 equiv of bromine
show vq stretching frequencies ca. 100 and 50 cm™ higher
than those observed for the starting Ir(I) dinuclear com-

(17) See paragraph at end of paper regarding supplementary material.

clr23)

Figure 1. Perspective representation of the molecule 7. The
vibrational ellipsoids are drawn at 50% probability level. The
labeling is also shown.

Table V. Bond Lengths (A ) for Compound 7

Ir(1)-Ir(2) 2.702 (1) C(3)-C(5) 1.52 (3)
Ir(1)-I(1) 2.742 (2) C(3)-C(6) 1.52 (3)
Ir(2)-1(2) 2.712 (2) C(7)-C(8) 1.57 (3)
Ir(1)-P(1) 2.318 (5) C(7)-C(9) 1.56 (3)
Ir(2)-P(2) 2.311 (5) C(7)-C(10) 1.52 (3)
Ir(1)-S(1) 2.383 (5) P(1)-C(11) 1.83 (2)
Ir(2)-S(1) 2.372 (5) P(1)-C(12) 1.82 (2)
Ir(1)-S(2) 2.373 (5) P(1)-C(13) 1.81 (2)
Ir(2)-S(2) 2.391 (5) P(2)-C(19) 1.84 (2)
Ir(1)-C(1) 1.78 (3) P(2)-C(20) 1.79 (2)
Ir(2)-C(2) 1.88 (2) P(2)-C(21) 1.85 (2)
S(1)-C(3) 1.86 (2) C(1)-0(1) 1.22 (3)
8(2)-C(7) 1.89 (2) C(2)-0(2) 1.11 (2)
C(3)-C(4) 1.54 (3)

plex. They are fully consistent with the simultaneous
presence of Ir(III) and Ir(II) compounds, respectively.

Chlorine is the more powerful oxidative halide. Indeed,
even in very dilute solutions of starting Ir(I) complexes,
very fast changes of color are observed. The final products
exhibit the +III oxidative state for iridium. Moreover, the
thiolato bridges are replaced by chlorine atoms, the general
reaction being as shown in eq 3 (L = CO, 14; L = P(OMe),,
15).

Irz{_u.-t-BuS)g(CO}ng 2 5 Clg m IrZ(F"Cl}zCOgLQC],‘
(3)

Description of the Structure of 7. The crystal
structure involves the packing of four discrete dinuclear
molecules per unit cell. Figure 1 shows a perspective view
of molecule 7 along with the labeling scheme. Bond dis-
tances and angles of interest are given in Tables V and VL.

The overall structure can be described as two square-
planar pyramids sharing an edge. It has roughly a mirror
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Table VI. Bond Angles (Deg) for Compound 7

I(1)-Ir(1)-S(1) 91.6 (1) Ir(1)-S(1)-Ir(2)
I(1)-Ir(1)-8(1) 107.5 (1) Ix(1)-S(1)-C(3)
I(1)-Ir(1)-P(1) 92.7 (1) Ir(2)-S(1)-C(3)
I(1)-Ir(1)-C(1) 94.9 (7) Ix(1)-S(2)-Ir(2)
1(2)-Ir(2)-S(1) 95.7 (1) 1r(1)-S(2)-C(7)
1(2)-Ir(2)-S(2) 102.0 (1) 1r(2)-S(2)-C(7)
1(2)-Ir(2)-P(2) 92.5 (1) S(1)-C(3)-C(4)
1(2)-Ir(2)-C(2) 92.0 (8) S(1)-C(3)-C(5)
P(1)-Ir(1)-S(1) 167.6 (2) S(1)-C(3)-C(6)
P(2)-Ir(2)-S(1) 170.2 (2) C(4)-C(3)-C(5)
P(1)-Ir(1)-S(2) 87.0 (2) C(4)-C(3)-C(6)
P(2)-Ir(2)-S(2) 92.5 (2) C(5)-C(3)-C(6)
P(1)-Ir(1)-C(1) 87.9 (6) S(2)-C(7)-C(8)
P(2)-1r(2)-C(2) 88.0 (7)

plane containing this edge. Indeed, each iridium atom is
surrounded by five atoms, four of them being in a plane,
i.e., S(1), S(2), C(1), and P(1) around Ir(1) and S(1), S(2),
C(2), and P(2) around Ir(2). The fifth vertice of each
pyramid is occupied by an iodine atom. Bond angles in
Table VI clearly indicate a square-planar pyramidal type
of environment around each iridium atom. The thiolato
groups bridge the two iridium atoms, and the flap angle
is 83.8°. The Ir(1)-Ir(2) distance of 2.702 (1) A, together
with the diamagnetism of the compound, strongly suggests
an iridium-iridium bond. This bond distance has exactly
the same value as the one observed in (u-CO)(u-t-BuS)-
Iry(S-t-BuS)(CO)y(PMe;);1° an other dinuclear Ir(II) com-
plex exhibiting a two-electron Ir-Ir single bond with two
different bridges. It compares well with the value 2.673
(1) A observed in (Ir(H)(u-t-BuS)(CO)(P(OMe),),® and
Ir,(C,oH,S,)(CO)4(PPhy),Br,,'8 a dinuclear Ir(II) complex
with two thiolato-bridging groups as in the present com-
pound. The Ir;S, core shows an asymmetric bridging
situation with two different Ir-S bond distances: Ir(I)-S(2)
= 2.373 (5) A and Ir(2)-S(1) = 2.372 (5) A, on the one hand,
and Ir(1)-S(1) = 2.383 (5) and Ir(2)-S(2) = 2.391 (5) A on
the other hand. This situation cannot be explained in
terms of a trans influence. Indeed, the two phosphine
ligands and the two carbonyl groups are mutually cis. The
Ir-1 bond distances observed in the present compound of
2.742 (2) and 2.712 (2) A can be compared to the Rh-I
bond distance of 2.761 (1) A which is trans to a Rh-Rh
bond in ((PhCH,NC),,Rh,I;)** ¥° or the Ir-1 bond distances
which range from 2.68 to 2.75 A in {Il'z(ﬂ'l)312(PMePh2)4}+.m
If we regard S(1) and S(2) as approximately tetrahedrally
coordinated with the lone pair as the fourth virtual ligand,
there the lone pair on S(1) is localized outside the dihedral
angle in an exo position, while that one of S(2) is localized
inside in an endo position. In other words, it can be said
that the thiolato groups are in anti positions.!3

The Ir,S, core found in the present compound is more
compact than the one observed in Iry(u-t-BuS),(CO)fP-
(OMe)s),,? one of the starting complexes. Indeed, the Ir-Ir
separation is 2.702 (1) A instead of 3.216 (2) &; the dihedral
angle is 83.8° instead of 123.2°. This considerable com-
pression of the four-membered Ir,S, ring along the Ir-Ir
axis is the major consequence of the oxidative addition of
iodine on complexes 1-4. It is worth noting that this
addition does not affect the overall geometry of the starting
complexes 1-4 since both dinuclear compounds exhibit a
mutually cis arrangement about the phosphine (or phos-
phite) ligands.

(18) Teo, B. K.; Snyder-Robinson, P. A. J. Chem. Soc., Chem. Com-
mun. 1979, 255.

(19) Balch, A. L.; Olmstead, M. L. J. Am. Chem. Soc. 1979, 101, 3128.

(20) Nolte, M. J.; Van Der Stok, E.; Singleton, E. Inorg. Chim. Acta
1976, 19, Ls1.

69.3 (1) S(2)-C(7)-C(9) 105.3 (13)
119.9 (8) S(2)-C(7)-C(10) 114.5 (14)
118.5 (8) C(8)-C(7)-C(9) 111.0 (16)

69.1 (1) C(8)-C(7)-C(10) 109.5 (17)
124.4 (7) C(9)-C(7)-C(10) 112.6 (16)
122.8 (8) Ir(1)-P(1)-C(11) 114.6 (7)
106.5 (13) Ix(1)-P(1)-C(12) 117.5 (7)
116.0 (13) Ir(1)-P(1)-C(13) 126.0 (7)
102.8 (13) 1r(2)-P(2)-C(19) 115.1(8)
112.5 (17) Ir(2)-P(2)-C(20) 116.3 (7)
109.8 (17) Ir(2)-P(2)-C(21) 126.7 (7)
108.9 (18) Ir(1)-C(1)-0(1) 173.1(19)
103.6 (12) 1(2)-C(2)-0(2) 175.3 (22)

The iridium—-iodine bond lengths Ir(1)-1(1) = 2.742 (2)
A and Ir(2)-1(2) = 2.702 (1) A are significantly different.
We do not have at the present time any satisfactory reason
to explain such a difference. Having in mind that two
three-electron donor thiolato groups bridge the iridium
atoms, one could make the hypothesis that the present
compound is formed from different iridium atoms, one
being an electron-rich metal center and the other one an
electron-deficient metal center: a heteropolar homonuclear
metal-metal bonding then could be invoked to explain the
short Ir(1)-Ir(2) distance of 2.702 (1) A as for instance for
Iry(u-t-BuS),(CO),(P(OMe)s)o(C(CN),),.28  Owing to the
fact that the two vcq stretching frequencies are observed
with too close values, i.e., 2007 and 1990 cm™ and to the
fact that the 3P NMR spectrum of the parent complex
Iry(u-t-BuS),(CO),(PMes), 1, shows equivalent phosporus
atoms, such an hypothesis cannot longer be pointed out.

Discussion. In complexes Iry(u-t-BuS),(CO)oLoI; (5-8)
the iodine atoms occupy the apical positions as revealed
by the X-ray structure of complex 7. Two isomers have
been found for Iry(u-t-BuS),(CO),I,. For each isomer three
CO stretching bands were observed in the infrared spectra,
the relative intensities being similar to those found for the
complexes Fey(u-SMe),(CO),(PR;),?22 where the two
phosphine ligands are in the apical positions. The isom-
erism is due to the different relative positions of the
tert-butyl groups: two syn (exo and endo) ones having a
C,, symmetry and one anti isomer are expected. However,
it has been previously shown for similar complexes® that,
although the anti isomerism breaks down the C,, symmetry
to C,, the vibrations of the coordinated carbonyl groups
apparently obey the selection rules for the C,, point group.
We did not succeed in separating the two isomers by
fractional crystallization or by chromatography, and the
same mixture of isomers is observed at any reaction tem-
perature with or without UV irradiation. The most
abundant isomer is expected to be the syn-endo one. In-
deed the ®*C NMR spectra of the starting Iry(u-t-BuS),-
(CO), material with a syn-endo conformation?* exhibits
resonances at 49.27 ppm for the quaternary C atoms of the
t-Bu groups and 33.94 ppm for the methyl groups, all
values which agree well with those, 54.24, and 33.78 ppm,
respectively, observed for the syn-endo isomer 5. The
second isomer is anti since the 'H and 'P spectra clearly
reveal the presence of two magnetically nonequivalent ¢t-Bu
groups. The 3C NMR spectrum confirms this type of

(21) Maisonnat, A.; Bonnet, J.-J.; Poilblanc, R. Inorg. Chem. 1980, 19,
3168.
(22) De Beer, J. A.; Haines, R. J.; Greatex, R.; Greenwood, N. N. .
Chem. Soc. A 1971, 3271.

(23) Palvi, G.; Vizi-Orosz, A.; Marko, L.; Marcati, F.; Bor, G. J. Or-
ganomet. Chem. 1974, 66, 295.

(24) Bonnet, J.-J.; Galy, J.; de Montauzon, D.; Poilblanc, R. J. Chem.
Soc., Chem. Comm. 1977, 47.
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Figure 2. Various isomers expected for complexes Iry(u-t-
BuS)(CO)zLQL,.

isomer, the resonances at 52.23 and 33.78 ppm corre-
sponding, respectively, to the CS and CHj in the endo
position, whereas those at 60.76 and 34.78 ppm correspond
to the exo ¢t-Bu group.

For complex 7 (L. = PMe,Ph) the 'H NMR spectrum
proves that only one isomer is obtained. The X-ray
structure shows a cis-anti conformation. Due to its low
solubility in CD,Cl,, no *C NMR data are available. In
the case of complex 6 (L. = P(OMe);) only one isomer is
observed, and %P, 'H, and *C NMR spectra indicate a
cis-anti conformation as for complex 7. When L. = PMe;,
complex 8 is observed as a mixture of two isomers which
were easily separated by fractional crystallization. P, 'H,
and 13C NMR data are consistent with a cis-anti confor-
mation for the first isomer as for previous complexes 6 and
7. For the second isomer 8, the 3'P data show the two
phosphorus atoms to be magnetically nonequivalent.
Moreover the 13C NMR signals at 52.99 and 57.55 ppm for
the quaternary C atoms of the ¢-Bu groups suggest a
trans-anti conformation.

About the mechanism of addition of iodine, several
routes can be ruled out. One can first imagine an ionic
process with a stepwise electrophilic attack of I* at the first
metal center followed by a nucleophilic attack of I” on the
second metal center. We do not favor this process. Indeed,
addition of iodine in the presence of an excess of KBr
dissolved in acetone failed to give a complex in which I and
Br would appear together. Then, an ionic process with a
nucleophilic attack of I" in the first step also is rejected
since no reaction has been observed with the starting
Iry(u-t-BuS),CO,L, materials in the presence of large excess
of Nal.

Although attempts to observe EPR signals during iodine
or CH,l addition in the presence of a nitrone spin trap
failed to reveal radical intermediates, we favor a radical

Kualck and Bonnet

process from the following observation. Addition of gla-
vinoxyl to Iry(u-t-BuS),CO,L, gives an intense red-violet
color. Further addition of some drops of a dilute solution
of iodine in the absence of natural light induces a deco-
loration of the solution which can be interpreted as a
capture of an iodine radical by the galvinoxyl. The solution
takes then the red color of the expected complexes Iry(u-
t-BuS),(CO),L.I,. We observed a very fast oxidative ad-
dition of iodine which occurs even at low temperatures
(down to =20 °C).

With regard to the tetraiodo or tetrabromo complexes
of type Iry(u-t-BuS),(CO),L, X, no attempt to separate the
various isomers obtained through either further addition
of 1 mol of iodine to Iry(u-t-BuS),(CO),L,1, complexes or
addition of 2 mol of bromine to Iry(u-t-BuS)4,(CO),L, has
been carried out.

Infrared spectra do not account for the presence of
various isomers. Indeed, the »¢q stretching bands are in
any case broad. If one assumes that the two extra halogens
enter in the apical positions, as the previous one in Iry(u-
t-BuS),(C0O),L,I,, the 'H NMR spectra are quite useful
to account for the various isomers: first it can be said that
in all cases the signals of the ¢-Bu groups are within the
range for such groups in bridging positions, result being
considered with the hypothesis of four various isomers
(Figure 2) if L is not CO. Indeed, such complexes have
a planar Ir,S, core as referred to the parent dinuclear
{RhCIBr(CH4){CO)PMe,Ph}, whose X-ray structure has
been determined.?’> when L = CO, two isomers are ob-
served. This result is the expected one since two diiedo
complexes, the syn and anti isomers, were detected.

When L = P(OMe;);, an unexpected result is observed
since four isomers are detected. Indeed, these isomers are
obtained starting with a simple cis-anti diiodo complex and
thus one could expect to observe only the isomer a. No
attempt to determine the rearrangement process has been
carried out.

In the case of the chlorine addition, this isomerization
proceeds further and gives rise to substitution of the t-
BuS-bridging group by chlorine atoms.

Registry No. 1, 63312-27-6; 2, 63292-76-2; 3, 74183-89-4; 4,
63292-79-5; anti-5, 74144-12-0; syn-endo-5, 74183-90-7; 6, 74144-13-1;
7, 74144-14-2; cis-anti-8, 74144-15-3; trans-anti-8, 74183-91-8; 9,
82246-63-7; 10, 82246-64-8; 11, 82264-82-2; 12, 82246-65-9; 13,
82246-66-0; 14, 82246-67-1; 15, 82264-83-3.

Supplementary Material Available: Table I, crystal data,
Table IV, root-mean-square amplitudes, and a listing of structure
factor amplitudes (19 pages). Ordering information is given on
any current masthead page.

(25) Doyle, M. J.; Mayanza, A.; Bonnet, J.-J.; Kalck, Ph.; Poilblanc,
R. J. Organomet. Chem. 1978, 146, 293.
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Shock-Induced Kinetics of the Disilane Decomposition and
Silylene Reactions with Trimethylsilane and Butadiene

J. Dzarnoski, S. F. Rickborn, H. E. O'Neal,* and M. A. Ring*
Department of Chemistry, San Diego State University, San Diego, California 92182
Received April 21, 1982

The homogeneous gas-phase decomposition kinetics of disilane have been studied by the comparative
rate, single-puise shock-tube technique in the 850-1000 K (2300-2700 torr) ranges. T'wo primary dissociation
processes occur, Si;Hg 2> SiH, + SiH, and Si2H?i> Si,Hy + H,, with Arrhenius parameters log &, (s1) =
14.36 — (48 810 £ 300 cal)/2.303RT and log k5 (s™') = 15.3 ~ (55300 = 2200 cal)/2.303RT, respectively. In

the presence of butadiene and trimethylsilane, silylenes produced in reaction 1 are efficiently trapped via

reactions SiH, + H,C—=CHHC=CH, > H,CHC=CHCH,SiH, and SiH, + Me;SiH1 Me,SiSiH,. The rate
constants and activation energies of these reactions are roughly equal. At temperatures above 950 K, in

the absence of trapping agents, hydro%en yields increase due to subsequent silylene dimerization, de-
composition processes: 2SiH, — Si,H,*$ Si,H, + H,. The activation energy of the Si,H, decomposition
is estimated to fall within the range 51800 < E,, < 56 000 cal.

Introduction
The homogeneous, gas-phase decomposition of disilane
has been studied thoroughly by Bowrey and Purnell,!
utilizing static system kinetic methods in the 283-340 °C
(23-100 torr) ranges. A single primary process involving
a 1,2-H shift between silicon centers (eq 1) was reported,

Si,H, — SiH, + SiH, 1)

with Arrhenius parameters of log 4 (s7!) = 14.52 + 0.36
and E = 49.24 + 1.10 kcal/mol. The decomposition of
trisilane? and of methyldisilanes? containing at least one
hydridic hydrogen occur with very similar activation en-
ergies. By contrast, the dominant primary processes of
monosilanes containing at least two hydridic hydrogens
are three-center molecular hydrogen eliminations whose
activation energies increase by 4-5 kcal/mol with each
methyl substitution. Thus the primary decomposition
modes of SiH,,> MeSiH,,® and Me,SiH.? (eq 2-4) have

SiH, — SiH, + H, E, = 50.5 keal/mol  (2)

MeSiH; — +H, E,=63.2keal/mol  (3)

Me,SiH, — Me,Si + H,  E, = 68.0 keal/mol  (4)

activation energies reported as shown. If electron-donating
groups (like CHj) raise the energy barrier to hydrogen
elimination, then it is possible that electron-attracting
groups (like SiH;) will lower the energy barrier. Thus one
might expect that the three-center hydrogen elimination
from disilane (eq 5) could occur with an activation energy

Si,H; — SiH,SiH + H, ®)

in the range of 56.5 + 3 kcal/mol. The three-center hy-
drogen elimination reaction (5) could then be competitive
with reaction 1 at higher temperatures.

In this paper we report on a study of the single-pulse,
shock-induced decomposition of Si,Hj, in the 850-1000 K
(2500 = 200 torr) range. The objectives of the study were

(1) M. Bowrey and J. H. Purnell, Proc. R. Soc. London, Ser. A, 321,
341 (1971).

(2) A. J. Vanderwielen, M. A. Ring, and H. E. O’Neal, J. Am. Chem.
Soc., 97, 993 (1975).

(3) I. M. T. Davidson and J. 1. Matthews, J. Chem. Soc., Faraday
Trans. 1, 72, 1403 (1976).

(4) D. P. Paquin and M. A. Ring, J. Am. Chem. Soc., 99, 1793 (1977).

(5) C. G. Newman, H. E. O’Neal, M. A. Ring, F. Leska, and N. Shipley,
Int. J. Chem. Kinet., 11, 1167 (1979).

(6) P. S. Neudorfl and O. P. Strausz, J. Phys. Chem., 82, 241 (1978).

Table I. Yield Data for the Disilane Decomposition
in “Excess’” Toluene?

% A(SiD,)/ A(D,)/
decompn T,K A(Si,Dy) A(8i,D,)
13.7 913 0.7999 0.2147
13.8 913 0.8019 0.1899
15.5 918 0.8152 0.2190
16.5 921 0.7439 0.2237
29.2 947 0.8851 0.1997
29.4 948 0.7823 0.2279
37.9 961 0.8065 0.1997
38.3 962 0.7779 0.2125
39.9 964 0.7441 0.2013
51.7 980 0.7194 0.2306
53.8 982 0.7948 0.2267
67.0 999 0.8470 0.2297
73.3 1007 0.7721 0.2732
85.9 1026 0.7910 0.3730
93.0 1041 0.7409 0.4664
96.5 1053 0.7539 0.568670
97.4 1057 0.6811 0.5483

¢ [toluene] /[8Si,D,], = 10/1.

to see if molecular hydrogen is produced in a primary
decomposition mode like eq 5, to more firmly establish the
Arrhenius parameters of the silane formation reaction by
extending the experimental temperature range of study
some 400 °C, and to study subsequent reactions of the
silylene primary process products under homogeneous
reaction conditions.

Mechanism of Decomposition

Two reactant mixtures were shocked and reacted at
temperatures ranging from 830 to 1005 K: mixture 1 (0.2%
SiyDg, 3.0% PhCHj in argon); mixture 2 (0.5% Si,D, 5.0%
butadiene in argon). Products of mixture 1 were SiD,, D,,
and trace amounts of HD. Reactant mixture 2 produced
these same products and also the butadiene trapping
product for SiD,, namely, 1,1-dideuteriosilacyclopent-3-ene.
Yield data, displayed as (mol of product/mol of Si,Dg
reacted) vs. % Si;D¢ decomposed, are shown in Tables 1
and II. Note that for both reactant mixtures, SiD, and
D, yields were quite constant over a wide range of disilane
decompositions. Thus for mixture 1 (i.e., in excess tolu-
ene), with decompositions ranging from 14 to 67%, A-
(SiDy) /ASi;Dg) = 0.79 % 0.06 and A(D,)/A(Si,Dg) = 0.21
%+ 0.03; and for mixture 2 (i.e., in excess butadiene), with
decompositions ranging from 12 to 83%, A(SiD,/A(Si,Dg)
= 0.83 £ 0.06 and A(D,)/A(Si;Dg) = 0.15 & 0.04. Note also

0276-7333/82/2301-1217801.25/0 © 1982 American Chemical Society
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Table II. Yield Data for the Disilane Decomposition
in Ten Times 1,3-Butadiene

% A(SiD,)/  a(D,)/ A(adduct)?/
reactn T,K  A(Si,D,) a(Si,D,) a(Si,D,)
1.9 907  0.8325  0.1742  0.6019
15.1 917  0.8375  0.1457  0.5782
43.2 968  0.8113  0.1560  0.4603
43.9 969  0.8755  0.1456  0.3897
49.6 977  0.7891  0.1606  0.5153
60.8 991  0.7891  0.1455  0.4528
71.3 1004  0.8173  0.1120  0.4899
71.4 1004  0.8679  0.1768  0.4716
79.8 1016  0.8393  0.1319  0.5918
85.8 1025  0.7602  0.2015  0.5715
88.4 1030  0.8186  0.2063  0.5841
89.7 1033  0.7443  0.2187  0.6453
91.9 1038  0.7589  0.2781  0.5809

¢ The quantities of the adduct are not absolute values
and only demonstrate change as a function of percent
decomposition.

that the sums of the siilane and hydrogen yields are unity
within experimental error. The simplest explanation of
these observations, and the one we favor, is that SiD, and
D, arise from separate and distinct primary processes (eq
6 and 7). If so, the rate constant ratios for these processes

Si,Dg — SiD, + SiD, 6)
Si,Ds —» Si,D, + D, )

are the same within experimental error over the temper-
ature range of study: ke/k; = 4.26 £ 1.0 between 850 and
1005 K.

This analysis assumes that the SiD, and D, products
arise exclusively from eq 6 and 7. This seems reasonable
since, while secondary reactions of the free radicals SiD;
and D with disilane would also produce silane and hy-
drogen, there are no reasonable homogeneous gas-phase
formation reactions for these radicals at shock tempera-
tures. Further, if such species were involved, significant
yields of HD would be expected in the presence of toluene.
Only trace yields of HD were observed.

An alternative explanation of our data is that eq 6 is the
only primary process and that the deuterium yields arise
from the subsequent decomposition of silane (eq 8). This

SiD, + (M) —> SiD, + (M) + D, ®)

possibility, however, must be excluded in our studies on
the basis of the known stability of silane.® Thus from the
rate constant for SiH, formation at our highest tempera-
ture (k,(1005 K) = 4070 s7!) and the rate constant for silane
decomposition at that temperature (k,(1005 K) ~ 83s7%),°
one can calculate by relations for consecutive first-order
reactions that less than 1.8% of the silane formed in eq
6 will subsequently decompose during a representative
shock period of 350 us. Further, if SiD, decomposition
were the source of D, the hydrogen yields would not be
constant with increasing T (as observed) but rather would
increase strongly with increasing temperature. We con-
clude, therefore, that the observations are best explained
in terms of two competitive primary processes dissociation
reactions (eq 6 and 7).

At high conversions of Si;Dg in the presence of toluene
(i.e., mixture 1 at temperature 21000 K), the yields of D,
do increase and they increase significantly. While subse-
quent decomposition of SiD, may be a contributing factor
to these increasing D, yields, the major factor is almost
certainly due to decomposition of silylene dimers (SiD,),.
Thus in our shock-tube kinetic studies on SiH, at tem-
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peratures above 1170 K, the values of A(H,)/A(SiH,) were
1.85 £ 0.10.> This demonstrates almost quantitative de-
composition of SiD, via its dimer. One would therefore
expect yields of D, to increase with temperature in the
disilane decomposition at temperatures above 1000 K.
Apparently this reaction channel is not significant at
temperatures below 950 K. That SiD, via its dimer is the
source of the “extra” D, at high temperatures is also sup-
ported by our observations that butadiene suppresses the
extra D, formation yields. Thus butadiene is known to be
an efficient chemical trap for silylene (eq 9).

9

S\DZ + N

Although absolute yields of the silacyclopentene were
not obtained, the relative ratio A(A)/A(Si;Dg) was constant
at a function of Si;Dg decomposition, hence efficient
trapping of SiD, via rxn 9 is suggested.

If the hydrogen yields of the disilane and silane shock-
induced decompositions are in part due to subsequent
silylene dimer decompositions (eq 10), as suggested here,

(A) (9)

Si,H, + (M) —> HSiSiH+ H, + M (10)

then upper and lower limits can be placed on the activation
energy of this process. Thus, the constancy of H, yields
in the disilane decomposition at temperatures below 990
K requires that the lifetime of the Si,H, dimer be long
relative to the reaction residence time (e.g., "(Si;H,) (T <
990 K) > 37(residence) ~ 900 us). A reasonable estimate
of the A factor for the decomposition (i.e., Ay =~ 105 57)
then establishes that E;, = 51800 cal. Similarly, the high
hydrogen yields of the silane decomposition at 7' > 1170
K requires that "(Si,H,) (T < 1170 K) < !/4 "(residence)
~ 100 us. This requires that E;, < 56000 cal.

Decomposition Kinetics of Disilane

Kinetic data for the disilane decomposition are given in
Table III. The comparative rate internal standard was
tert-butyl chloride which decomposes quantatively to
isobutene and HCI according to the kinetics, log & (¢-BuCl,
s1) = 13.9- 46200 cal/4.” First-order rate constants for
disilane were based on the amount of disilane reacted, and
first-order rate constants for tert-butyl chloride were based
on the amounts of isobutene formed. Reaction tempera-
tures are those calculated from the observed rate constants
for the tert-butyl chloride and its decomposition Arrhenius
parameters.

Reaction 1. SiH, Formation. Since disilane is in its
pressure fall-off regime under our experimental conditions
(8501000 K (2300-2700 torr)), RRKM calculations® were
made relative to the silane formation reaction. The fall-off
corrections, k/k(«), are shown in column 4 of Table IIL
These are based on the Bowrey and Purnell kinetic results
(A; = 1045251 k(585 K) = 1.33 X 102 s1) and on collision
efficiencies calculated from an equation suggested by
Troe!' 3 (8, = (1 + (T/x)y)™! with x = 350 for argon and

(7) W. Tsang, J. Chem. Phys., 40, 1498 (1964).

(8) RRKM calculation procedure: input k(exptl) at T and P (total)
collision efficiencies, reactant and transition-state frequencies, and a
guessed k(uni)/k(=). An iterrative technique calculates &(uni)/k(=) to
1% accuracy, from which AE®;* and E,(exptl) are obtained. Then the
k(uni) vs. P at various temperatures are calculated in the usual manner.®
State densities and state sums are calculated by using the Beyer—Swi-
nehart alogorithm.?

(9) P. J. Robinson and K. A. Holbrook, “Unimolecular Reactions”,
Wiley, New York (1972).

(10) S. E. Stein and B. S. Rabinovitch, J. Chem. Phys., 58, 2438 (1973).

(11) A. Croce and J. Troe, International Symposium, “Berthelot-Vi-
eille-Mallard-Le Chatelier”, First Specialists Meeting (International),
Combustion Institute, University de Bordeaux I, July 20-24, 1981.





Silylene Reactions with MezSiH and C,H;

Table III. Kinetic Data for the Decomposition of
Disilane and tert-Butyl Chloride

1n 1n k,/ 1n
T,K  k(Si,H,)° R(CH,) k(=)® k(=)®

834.3 3.6214 4.1373 0.90 3.516
855.3 4.67856 4.8229 0.88 4.596
859.6 4.7031 4.9576 0.88 4.620
861.2 4.9247 5.0090 0.87 4.853
862.1 4.6025 5.0378 0.87 4.631
863.9 4.9910 5.0938 0.87 4.920
867.4 4.9919 5.2000 0.86 4.932
869.6 4.7230 5.2686 0.85 4.675
871.9 5.1110 5.3404 0.85 5.063
876.3 5.4142 5.4734 0.85 5.366
894.5 5.8008 6.0129 0.83 5.776
916.3 6.2883 6.6323 0.81 6.288
916.7 6.1179 6.6413 0.81 6.118
917.3 6.2378 6.6596 0.81 6.238
920.0 6.3485 6.7336 0.80 6.361
920.9 6.4614 6.7590 0.80 6.474
924.2 6.5638 6.8491 0.79 6.589
931.7 6.2985 7.0517 0.79 6.324
933.6 6.6296 7.1024 0.78 6.667
944.9 6.7431 7.4002 0.77 6.794
951.0 7.1676 7.6585 0.76 7.231
951.8 7.1134 7.5777 0.76 7.177
957.6 7.1621 7.7248 0.75 7.239
964.1 7.5971 7.8895 0.74 7.688
985.8 7.9926 8.4202 0.73 8.097
986.9 7.7069 8.4466 0.73 7.811
988.4 7.9966 8.4820 0.72 8.114
995.2 8.0953 8.6423 0.70 8.620
1005.2 8.4744 8.8748 0.70 8.620

¢ RRKM fall-off correction. ? See ref 15. € 1n
k(Si,H,)=1n(k, + k).

x = 1100 for toluene). An Arrhenius plot of the experi-
mental rate constants (column 2, Table III) gives log (&,
+ k) = 12.92 - (42796 £ 3130)/2.303RT which may be
compared to the RRKM-predicted parameters for eq 1
under the shock-tube conditions of log k,(RRKM) = 14.10
- 47610 cal/2.303RT. The experimental parameters are
clearly too low,!* which may be indicative of some mech-
anistic complications, but also could in part be caused by
uncertainties in RRKM collision efficiences (8,).

The Arrhenius parameters of the calculated high-pres-
sure rate constants (column 5, Table III) are log k,(«, s7)
= 13.51 - (45 248 £ 3250 cal) /2.3RT which are lower than
the Bowrey and Purnell values but in agreement within
the experimental errors of the two studies. An extended
Arrhenius plot of the high pressure rate constants from
both shock-tube and static system studies is shown in
Figure 1, and it is apparent that the studies are in good
agreement.

The Arrhenius plot now covers an enormous tempera-
ture range (i.e., 550-1005 K), and the composite Arrhenius

(12) The values for x suggested by Troe were x = 150 for inert gases,
x = 300 for reactants, and x = 600 for large molecules. These values,
however, do not give as satisfactory agreement with the observed falloff
in the cyclopropane isomerization in shock tube studies as do the X values
utilized here. Further, the §, values used here appear to be more con-
sistent with calculated 8’s derived from data on a number of low-pressure
unimolecular reaction systems (see ref 13).

(13) J. Troe, J. Chem. Phys., 66, 47568 (1977); H. Endo, K. Glonzer, and
J. Troe, J. Phys. Chem., 83, 2083 (1979); J. Troe, ibid., 83, 114 (1979).

(14) While the Arrhenius parameters seem significantly different, one
finds that the experimental rate constants are in fact quite close to those
predicted by the RRKM calculations. Thus at the lowest temperature
(834 K), k(exptl) is 21% larger than calculated, while at the highest
temperature (1005 K), k(exptl) is 26% smaller than calculated.

(15) The high-pressure rate constants for reaction 1 were obtained
from the relation k(=) = (k(exptl) 0.81 (k(«)/k(exptl))), where 0.81 is the
primary process yield of reaction 1 in the disilane decomposition under
shock conditions and k(=)/k(exptl) are the RRKM fall-off parameters
for reaction 1.
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Figure 1. Arrhenius plots of rate constants for Si;Hg1» SiH, +
H,: (a) line A, combined Arrhenius plot of Bowrey and Purnell
(BP) static system results and the data of this study (DROR);
(b) line B, Arrhenius plot of k(=) values of this study; (c) dotted
lines correspond to extrapolations of the BP Arrhenius line.
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parameters derived from all the data reflect the expected
reduction in experimental error. Thus with average rate
constant errors in the static and shock-tube systems of
6.6% and 7.1%, respectively, one calculates log k,(x, s7)
= 14.36 = 0.09 — (48810 £ 300 cal)/2.303RT.

Reaction 5. H, Formation. For the static system
study of the disilane decomposition (556-613 K), Bowrey
and Purnell reported reaction 1 as the only primary dis-
sociation process even though hydrogen was a reaction
product. These authors identified hydrogen as a secondary
reaction product on the basis of the behaviors of the hy-
drogen formation curves in time. The latter were linear
within experimental errors up to 5% disilane reaction, and
they extrapolated to zero product yield at finite reaction
times. While this appears to be good evidence for the
secondary product role of hydrogen, it should be noted that
at conversions above 5%, the rates of hydrogen production
were pronounced and they increased markedly in time.
Thus, small curvatures in the H, curves at shorter reaction
times are expected. These could very easily produce the
“observed” finite time intercept behaviors. Initial hydro-
gen yields, then, could in fact be measures of the primary
dissociation reaction 5. With this assumption, the data
of Bowrey and Purnell can be used to obtain a measure
of the relative rates of the two primary process rate con-
stants, namely &,/k; = 32.8 £ 22 at 585 K. This same ratio,
from our data, has a value of k;/k; = 4.26 = 1.0 at mean
shock temperatures of 925 K. Thus one can calculate that
E;-E,; =6.5 £ 2.2 kcal/mol and Az/A; = 8.06. Thus log
A = 15.26 and E; ~ 55.3 + 2.2 kcal/mol. These are
minimum values since some of the hydrogen product at
585 K could well have arisen from wall-induced reactions
at proposed by Bowry and Purnell. Nevertheless, this
activation energy compares very favorably with the value
of E5 ~ 55.0 kecal/mol obtained using our observed rate
constant for reaction 5 at 925 K scaled to the high-pressure
limit (kg(«) = 0.19k(exptl) (k(=)/k{exptl)) = 180 s7), and
an estimated A factor for the reaction obtained by analogy
with the CH,;SiH,® decomposition A factor adjusted for
reaction path degeneracy (i.e., A; = 2 X 101495 g71 = 10152
s7!). We therefore believe that there are two primary
dissociation processes in the disilane decomposition and
that their kinetics can be fairly accurately described by

log k; (871) = 14.36 — (48 810 £ 300 cal) /2.303RT
log ks (s71) = 15.3 - (55300 + 2200 cal) /2.303RT
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Table IV. Product Ratio (A/B) from SiH, Reaction
with H,C=CHHC=CH, and Me,SiH?

% Si,H, ratio (A/B)

decompn T,K obsd caled
28.2 946 1.20 0.73
29.0 947 1.34 0.86
31.2 951 1.47 0.84
50.6 978 1.64 0.52
60.7 991 1.94 0.40
61.6 992 1.89 0.38
69.8 1002 2.31 0.29
83.9 1022 5.19 0.18
87.4 1028 9.30 0.21

1
@ A = H,CHC=CHCH,SiH,; B = H,SiSi(Me),.

Relative Rates of Reactions of Silylene with
Trimethylsilane and Butadiene

The rates of silylene insertion into the Si~H bond of
Me;SiH relative to its rates of addition to 1,3-butadiene
(eq 9 and 11) were studied at temperatures between 930
and 1015 K.

SiHp + N - . ZSHB (9)
iHp
A
SiH, + Me,SiH — Me,SiSiH, (11)
B

In these studies, silylene was generated from the shock
initiated decomposition of disilane in the presence of excess
trimethylsilane and butadiene (Me;SiH/H,C=CHHC=
CH,/Si,Hg = 10/10/1). The results are presented in Table
IV. Observed product yield ratios (Table IV, column 3)
are those calculated from the GLPC peak areas of the
trapped products (B and A) corrected for their relative
sensitivities. (The FID detector is primarily sensitive to
the organic portion of a molecule. Thus, relative sensi-
tivities for A and B should be very similar to those for
butadiene and Me;SiH.) Because silacyclopentene is
thermally stable at formation temperatures while the
1,1,1-trimethyldisilane product is quite unstable, the ob-
served yield ratios represent maximum values for the rate
constant ratio ky/k;;. The calculated yield ratios (column
4, Table IV) were obtained by calculating the concentration
of Me;SiSiH; that would have been needed at time zero
to produce the observed yields of Me;SiSiH; at the end
of the shock periods. These hypothetical initial concen-
trations divided by product A yields produce overestimates
of the true yields, hence the calculated yield ratios rep-
resent minimum values for the kq/k,, ratio. The calcu-
lations utilized the known Arrhenius parameters for the
Me;SiSiH; decomposition:* log k;; = 14.45 — 48000
cal/2.303RT. The true ky/k;; ratio, then, must fall
somewhere between these two extremes. At low conver-
sions the observed and calculated ky/k;; value should
converge, and the data in Table IV show this to be the case.
From Table IV, one can estimate that at 930 K, ky/k;; =
1.0 £ 0.3.

There are lower temperature data which pertain to this
same rate constant ratio. Thus the relative rate of silylene
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insertion into Si,Hg vs. addition to butadiene was measured
at 658 K, while the relative rate of silylene insertion into
Si,Hjg vs. insertion into Me;SiH has been measured at 623°
K.17 Ignoring the slight temperature difference between
these studies, one can calculate from the reported data a
rate constant ratio for the reactions of interest of ky/k;;
= 0.89 £ 0.3 (623-658 K). The ratio kg/k,;, therefore,
appears to be essentially constant over a 300 K tempera-
ture range, and the difference in the activation energies
for silylene addition to butadiene and insertion into the
Si—H bond of trimethylsilane is very small (i.e., E; — E|;
= 475 £ 2300 cal/mol). Similar results have been observed
for the relative rates of SiH, addition to butadiene vs.
insertion into SiH, where an activation energy difference
of 2.6 kcal/mol has been observed.’®

Experimental Section

The single-pulse shock tube used in this study was similar to
that described by Jeffers and Shaub!® and has been previously
described by us.? Arrival times of the shock waves were monitored
by a Kistler Model 211 B-3 pressure transducer, along with a
Kistler 549 piezotron coupler, a Tektronix 545A Oscilloscope, and
a C-12 camera system. The composition of the reaction mixtures
were (a) Si,Dg (0.2%), toluene (3%), Xe (0.2%), and Ar (96.5%),
(b) SiyDg (0.5% ), H,C=CHHC=CH, (5%), Xe (.5%), and Ar
(94%), (c) SioHg (1.1%), tert-butyl chloride (0.4%), Xe (1.1%),
and toluene (2.8%), Ar (94.6%), and (d) Si,Hg (0.2%), Me3SiH
(2.0%), H,C=CHHC=CHj, (2.0%), Xe (0.2%), and Ar (95.6%).
Reaction times measured at the end plate were on the order of
350 us while reaction pressures were on the order of 2500 mmHg.

Silicon hydride and hydrogen analyses were carried out on a
Hitachi Perkin-Elmer RMU-6E mass spectrometer with Xe used
as the inert internal standard. Relative sensitivities were obtained
from standard reactant and product mixtures. The 1,1,1-tri-
methyldisilane and 1-silacyclopent-3-ene were identified mass
spectrometrically and by GLPC retention times compared with
authentic samples. GLPC analyses were carried out with a Varian
1400 (and 1200) aerograph gas chromatograph employing either
Paropak Q or SF96 columns.

The disilane decomposition was followed mass spectrometrically
using xenon (m/e 131) as an internal standard and m/e 68 as a
measure of the disilane loss. The rate constants were calculated
from the relation

kpg = 1/7 In (Si,Hg/Xe)o/ (SiHg / Xe),
The tert-butyl chloride decomposition was monitored by gas
chromatographic analysis for tert-butyl chloride (¢-BuCl) and
1,1-dimethylethylene (i-Bu). The ¢-BuCl decomposition rate
constants were calculated from the relation
t-BuCl + wf(;-Bu)
t-BuCl

where wf = area ratio (¢t-BuCl/i-Bu)/mole ratio (¢-BuCl/i-Bu)]
and ¢-BuCl and i{-Bu are the GLPC product peak areas.
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The crystal and molecular structures of [Pd{n’-CHCI(CHy)e-anti-CHCCH,j(acac)], 1b, and [Pdfn’-

CHCI(CH,),-syn-CHCCH}(acac)], 5b, were determined by three-dimensional X-ray crystallographic
studies. Both compounds crystallize in the monoclinic space group P2,/c—C%, (No. 14) with the lattice
constants: a = 19.314 (5) A, b =5.429 (1) A, ¢ = 15.092 (3) A, 8 = 90.79 (2)°, and Z = 4 for 1b; @ = 11.325
(3) A, b=9.659(3) A, c =13.838 (3) A, 8 = 110.67 (2)°, and Z = 4 for 5b. The structures of both compounds
were solved by using the “heavy-atom” technique and refined to convergence (R;(unweighted, based on
F) = 0.041 for 3239 independent reflections of 1b having 26(Mo Ka) < 60.4° and I > 3¢([); R; = 0.032
for 2486 independent reflections of 5b having 26(Mo Ka) < 55° and I > 3¢(J)) by using empirically weighted
full-matrix least-squares techniques. Both 1b and 5b exhibit structural features characteristic of n-allyl-Pd
bonds. Both molecules show unequal Pd-C distances, but while the allylic C-C bond lengths in 1b are
significantly different, those in 5b are not. The allyl ligand in 1b is skewed slightly with respect to the
PdO, coordination plane. Significantly, the -CHCI(CH,),~ chain in 5b winds almost parallel to the plane
of the allylic carbon atoms and does not block either face; in contrast the -CHCI(CHy)¢— chain in 1b severely
blocks the exo face of the allylic ligand. These structural features provide a rational explanation for the
facility of #* — #* — »° conversion involving 5b and the high activation energy for an analogous transformation
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of 1b.

Introduction

Experimental and theoretical studies on the chloro-
palladation reactions of alkyl-substituted methylene-
cyclopropanes indicate that the reaction must occur with
suprafacial 1,3 addition of the elements of Pd-Cl to the
organic substrate and that opening of the cyclopropane
ring occurs by an orbital symmetry-controlled disrotatory
process, with the breaking bond bending away from the
metal.? Similar conclusions have been reached concerning
the mechanism of chloropalladation of phenyl-substituted
methylenecyclopropanes.? A crucial series of experiments
which elucidated the intimate stereochemistry of 1,3-
chloropalladation involved the reaction of c¢is-9-
methylenebicyclo[6.1.0]nonane with PdCl,(PhCN), to give
a single product 1a and the analogous reaction of trans-
9-methylenebicyclo[6.1.0]nonane to give two isomeric
compounds 2 and 3.2 Compound la could be converted
into its monomeric acetylacetonato derivative 1b. A most
fortunate feature of these two reactions was that the
isomeric compounds 1a, 2, and 3 did not interconvert via
a n® — n! — ° pathway under chloropalladation conditions
or even more vigorous thermal activation, demonstrating
that these were indeed the kinetic chloropalladation
products. In contrast, chloropalladation of cis-7-
methylenebicyclo[4.1.0]heptane did not afford the pre-
sumed kinetic product 4 but rather the thermodynamic
isomer 5a, which could also be converted into its monom-
eric acetylacetonato derivative 5b.

(1) (a) Dartmouth College. (b) Alfred P. Sloan Research Fellow
1980-1984. (c) Crystalytics Co.

(2) (a) Albright, T. A.; Clemens, P. R.; Hughes, R. P.; Hunton, D. E.;
Margerum, L. D. J. Am. Chem. Soc. 1982, 104, 0000. (b) Clemens, P. R.;
Hughes, R. P.; Margerum, L. D. J. Am. Chem. Soc. 1981, 103, 2428-2430.

(3) Dallas, B. K.; Hughes, R. P.; Schumann, K. J. Am. Chem. Soc.
1982, 104, 0000.

Hu— 1

PdCly(PhCN), Horm M
—_ -
CHaCly P!d ;
(X)
la. X =Cl| (dimer)
1b. X =acac
H
-~ H H
PdCI3(PhCN), H’ l + ~—i-~H
CH,Cly Pdcly, pacl,,
2. 3

I Iy
{ess C ot C|
PACL,(PRCNI, i o penen’ =iy
H H o
CH,Chy PdCly, pg "
(X)
& 5a. X=Cl{dimer]

Sb. X =acac

In order to establish firmly the structures of the organic
ligands in compounds 1 and 5 and to seek information
regarding the widely differing proclivities of 1 and 5 toward
7® — 9! — 33 rearrangements, the crystal and molecular
structures of 1b and 5b were determined. A preliminary
description of the structure of 1b has appeared.?

Experimental Section

X-ray Crystallographic Studies* of [Pd{»*-CHCI(CH,),-
anti-CHCCH ,;}(0,C;H,)] (1b) and [Pd{n*-CHCI(CH,),-syn -
CHCCH ;(0 ,C;H,)] (5b). Compounds 1b and 5b were prepared

(4) See paragraph at end of paper regarding supplementary material.

0276-7333/82/2301-1221$01.25/0 © 1982 American Chemical Society
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as described previously.?? Crystals of each compound suitable
for X-ray diffraction studies were grown from CH,Cl,/hexanes
at —30 °C. Both compounds crystalllze in the centrosymmetric
monoclinic space group P2, /c—C$;, (No. 14)° with a = 19.314 (5)
A, b=5429(1) 4, c = 15.092 (3)A B8 =90.79 (2)°,and Z = 4
(deatea = 1.58 g cm™ and p,(Mo Ka)® = 1.31 mm™) for 1b and
a=11.325(3) A, b =9.659 (3) A, 8 = 110.67 (2)°,and Z = 4 (d g1q
= 1.64 g cm™® and u,(Mo K&)® = 1.46 mm™) for 5b. Intensity
measurements were made on a computer-controlled Nicolet P1
autodiffractometer for both compounds using 1.0° wide (1b) or
1.2° wide (5b) w scans and graphite-monochromated Mo Ka
radiation. The sample of 1b was irregularly shaped with minimum
and maximum dimensions of 0.56 and 0.88 mm, respectively, while
that of 5b was a rectangular parallelepiped with dimensions of
0.23 % 0.34 X 0.63 mm. For minimization of variable absorption
effects, both crystals were mounted with their longest dimensions
nearly parallel to the phi axis of the diffractometer. A total of
4715 (1b) and 3252 (5b) independent reflections having 26(Mo
Ka) < 60.4° (1b) and 26(Mo Ka) < 55° (5b) were measured for
both compounds in concentric shells of increasing 2. Scanning
rates of 6°/min were employed wiith both compounds for re-
flections having 26(Mo Ka) < 43° and 4° /min for the remaining
reflections. The scan for each reflection was between w settings
0.50° (1b) or 0.80° (5b) above and below the calculated Ka (A
=(.71073 A) doublet value. Counts were accumulated for 19 equal
(time) intervals during each scan, and those 13 contiguous intervals
which had the highest single accumulated count at their midpoint
were used to calculate the net intensity from scanning. Back-
ground counts for reflections of hoth compounds, each lasting for
one-fourth the total time used for the net scan (13/19 of the total
scan time), were measured at w settings 1.0° (1b) or 1.2° (5b) above
and below the calculated K& doublet value for each reflection.
The intensities were reduced without absorption corrections to
relative squared amplitudes, |F,|%, by means of standard Lorentz
and polarization corrections.

The metal atoms of both compounds were located from Pat-
terson syntheses and the remaining non-hydrogen atoms from
difference Fourier syntheses. All chemically anticipated hydrogen
atoms for both molecules were located from difference Fourier
syntheses calculated from the appropriate full-matrix least-squares
refined structural model [R, (unweighted, based on F)7 = 0.052
and 0.040 for 1b and 5b, respectively] which incorporated unit
weighting and anisotropic thermal parameters for all non-hydrogen
atoms. All structure factor calculations for both compounds
employed recent tabulations of atomic form factors®® and an
anomalous dispersion correction® to the scattering factor of the
Pd and Cl atoms. The final cycles of empirically weighted®
full-matrix least-squares refinement which employed isotropic
thermal parameters for hydrogen atoms and anisotropic thermal
parameters for all others converged to values of 0.041 and 0.056
for R, and R, (weighted, based on F),” respectively, for 3239
independent reflections of 1b having 26(Mo K&) < 60.4° and I
> 3¢([).* Similar refinement cycles for 5b gave R; = 0.032 and
R, = 0.039 for 2486 independent reflections having 26(Mo K&)
< 55° and I > 3¢(J).* Since a careful comparison of final F, and
F, values indicated the absence of extinction effects, extinction
corrections were not made.

All calculations were performed on a Data General Eclipse S-200
computer with 64K of 16-bit words, a floating point processor for
32- and 64-bit arithmetic, and versions of the Nicolet E-XTL
interactive crystallographic software package as modified at
Crystalytics Co.

(5) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1969; Vol. I, p 99.

(6) (a) “International Tables for X-ray Crystallography”; Kynoch
Press: Birmingham, England, 1974; Vol. IV, pp 55-66. (b) Ibid., pp
99-101. (c) Ibid., pp 149-150.

(7) The R values are defined as Ry = {XIIF )} - IFdl/ S |F,J}and R, =
{Zw(F| - [F)?/ TwlF,|Y!/%, where w is the weight given each reflection.
The function minimized is }:w(|F | - K|F 1), where K is the scale factor.

(8) Empirical weights were calculated from the equation o = 3" ¢%a,|F |
= 1.06 - 156 X 102F,| + 6.06 X 1074F,J2 - 2.45 X 10|F, |8 for 1b and 0.899
- 1.20 X 10°2|F,| + 2.99 X 1074F,|? - 5.86 X 10°7|F,|* for 5b, the a,, being
coefficients derived from the least-squares fitting of the curve ||F,| - |F,|
= a,|F,|", where the F, values were calulated from the fully refined model
using unit weighting and an I > 34(J) rejection criterion.

Hughes and Day

Figure 1. ORTEP drawing of the solid-state structure of [Pd-

{n®>-CHCU(CH,)¢-anti-CHCCH4{(0,CsH,)], 1b, viewed from (a)
the front and (b) the side. All non-hydrogen atoms are represented
by thermal vibration ellipsoids drawn to encompass 50% of the
electron density. Hydrogen atoms are represented by arbitrarily
small spheres which are in no way representative of their true
thermal motion.

Figure 2. ORTEP drawing of the solid-state structure of [Pd-

{na-CHCI(CH2)4-syn-CH CCHz}(0205H7), 5b, viewed from (a) the
front and (b) the side. Atoms are represented as in Figure 1.

Results and Discussion

Final atomic coordinates for all atoms are given in Table
I (compound 1b) and Table II (compound 5b). Anisotropic
thermal parameters for non-hydrogen atoms are given in
Tables III (1b)* and IV (5b).* Perspective drawings which
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Table I, Atomic Coordinates in Crystalline Pd {n 3-CHCI(CHZ)G-anti-CHICCH2 }(0,C.H,)(1b)*

atom? x Y z atom? x y z
Pd 0.21962 (2) 0.12282 (7) 0.29902 (2) C, 0.2225 (3) -0.0657 (11) 0.1106 (4)
Cl 0.41127 (8) 0.14622 (39) 0.35941 (9) C, 0.2618 (2) 0.0998 (9) 0.1726 (3)
0., 0.1750 (2) 0.U682 (7) 0.4218 (2) C, 0.3113 (2) 0.0126 (9) 0.2372 (3)
O, 01515 (2) 0.4100 (6) 0.2730(2) C,  0.2891(3) -0.1784(9) 0.2928 (3)
c 0.3785 (2) 01494 (12)  0.2465(3)  C,. 0.0938 (4) 0.0833(16)  0.5344 (4)
c, 0.4329 (3) 0.0333(13)  0.1861(4)  Cu 01212 (2) 01777 (10)  0.4485 (3)
c. 0.4179 (3) 0.0717 (10)  0.0860(3)  Co.  0.0862 (3) 0.3670 (11)  0.4052 (3)
c 0.3996 (3) ~0.1566 (11)  0.0326 (4)  C.r  0.1026(2)  0.4740(10)  0.3238 (3)
C. 0.3295 (3) ~0.2760 (11)  0.0501(4)  C..  0.0596 (3) 0.6864 (12)  0.2894 (5)
c 0.2659 (3) ~0.1175(13)  0.0280(3)  C
atom?® x y z B,c A? atom? x y z B, A?
H,  0.372(3)  0.302 (12)  0.238 (4) 5(1) H,, 0.178(3) -0.001(13) 0097 (4) 5(1)
H,, 0437 (3) -0170(13) 0.204(4) 6(2) H,  0273(3) 0.236(12) 0.146(4)  4(1)
H.,  0.473(4)  0.090(12)  0.204(4) 6(2) H, 0318(3) -0.210(10) 0.348 (4) 4 (1)
H,, 0456(3) 0137 (10) 0.060(4) 4(1) H., 0.262(3) -0.302(11) 0.278(4)  4(1)
H., 0.377(2) 0.185(8) 0.073(3) 2(1) H,. 0.130(4) 0083(15) 0.585(6) 8(2)
H, 0437 (4) -0.304 0.043(5) 7(2) H.. 0083(3) -0.057(13) 0.526(4)  4(1)
H,,  0.397(3) -0.122(9) -0.035(4) 4(1) H.. 0.046(6) 0.185(21) 0.565(8) 14(3)
H.,  0.335(3) -0.317(12) 0.125(4) 6(1) Ha  0.045(3)  0.424(11) 0.436(4) 5(1)
H., 0.327(3) -0.417(10)  0.010(4) 4(1) H., 0.003(5) 0.674(17) 0.320(6) 10 (3)
H.. 0233(3) -0206(10) -0.007(4) 4(1) Ha, 0.037(3)  0.640(12) 0.232(5)  5(1)
H.,, 0278 (4) 0012(16) -0.011(5) 7(2) Hu.. 0.078(4)  0.837(14) 0.283(5)  6(2)
H.. 0207 (3) -0.199(11)  0.140(a) 4 (1)

¢ The numbers in parentheses are the estimated standard deviations in the last significant digit.

agreement with Figure 1. ¢ Isotropic thermal parameter.

b Atoms are labeled in

Table II. Atomic Coordinates in Crystalline Pd {n 3-(!JHCI(CH,),,-syn-CH(]JCH2 }(0,C,H,) (5b)*

atom? x y z atom? x ¥ z
Pd 0.43330 (3)  0.30245(3) _ 0.31128 (2)  C, 0.6095 (4) _ 0.2096 (4) 0.3269 (3)
al 0.8541 (1) 0.3159 (1) 0.5377 (1) c, 0.6152 (4)  0.2697 (4) 0.4220 (3)
0., 0.2613 (3) 0.3601 (4) 0.3213 (2) C, 0.5215 (4)  0.2212 (6) 0.4595 (4)
o 0.3657 (2) 0.3514 (3) 0.1542 (2) C., 0.0428 (5)  0.3996 (10)  0.2684 (5)
C, 0.6978 (4) 0.3898 (5) 0.4739 (3) Ca, 0.1620 (4) 0.3834 (5) 0.2443 (3)
c, 0.7047 (5) 0.5143 (4) 0.4097 (4) Co. 0.1536(4)  0.3951 (5) 0.1414 (3)
C 0.7631 (5) 0.4943 (6) 0.3271 (5) Co. 02515(4)  0.3806 (4) 0.1032 (3)
c. 0.6901 (5) 0.4014 (6) 0.2375 (4) Cor 02214(5)  0.4045(7)  -0.0113(3)
c. 0.6865 (5) 0.2512 (5) 0.2628 (4)

atom? x y z B,cA> atom? x y z B,c &?
H,  0.682(4) 0.419(5) 0534 (4) 5(1) H,, 0512 (5) 0.276(5)  0.518(4)  5(1)
H,, 0753(4) 0586(5) 0463(4) 5(1) H, 0.503 (5) 0.120(6)  0.450(4)  6(1)
H.,  0618(4) 0547(5) 0.382(3) 4(1) Hy, -0020(6) 0409(7) 0218(5)  7(2)
H.  0.769(5) 0594 (6) 0.302(4) 6(1) H..  0059(6) 0463(8)  0.322(6)  9(2)
H,, 0.845 (6) 0.453 (6) 0.362 (4) 6 (1) Ha, s 0.042 (8) 0.333 (9) 0.313 (7) 10 (3)
H,,  0.614(5) 0433(6) 0208(4) 5(1) Ha 0.074 (4) 0418 (5)  0.095(3) 4 (1)
H,, 0731(8) 0409(7) 0.185(5) 8(2) H.,  0.243(7) 0484(8) -0.026(5)  8(2)
H., 0771(5) 0230(5) 0.295(4) 5(1) H..  0.136(5) 0.407(6) -0.055(4)  6(1)
H,, 0.664(5) 0.191(5) 0.207(4) 6(1) H,,  0.253(7) 0.327(8) -0.038(6)  9(2)
H.  0.582(4) 0119(5) 0.314(3) 4(1) Hoo

% The numbers in parentheses are the estimated standard deviations in the last significant digit.

agreement with Figure 2. ¢ Isotropic thermal parameter.

illustrate the numbering schemes and represent the con-
tents of the asymmetric units specified by the atomic co-
ordinates of Tables I and II are depicted in Figures 1 (1b)
and 2 (5b), respectively. Bond lengths for compounds 1b
and 5b are given with their estimated standard deviations
in Tables V and VI, respectively, and covalent bond angles
for non-hydrogen atoms in compounds 1b and 5b are
presented in Tables VII and VIII, respectively. Bond
angles involving hydrogen atoms (Tables IX and X) and
structure factor tables are included with the supplementary
material.*

The coordination geometry of the n-allyl-Pd portion of
each molecule is quite typical of that found in other -
allylic complexes of palladium®'® and of other square-

(9) Smith, A. E. Acta Crystallogr. 1965, 18, 331-340.
(10) Mason, R.; Wheeler, A. G. J. Chem. Soc. A 1968, 2543-2549.
(11) Mason, R.; Wheeler, A. G. J. Chem. Soc. A 1968, 2549-2554.

b Atoms are labeled in

planar metal complexes.?® In compound 1b the plane
defined?¥ by the allylic carbon atoms Cg,Cy,C;y makes a
dihedral angle of 119.06° with that?® of the Pd,0,;,0,,

(12) (a) Mason, R.; Russell, D. R. J. Chem. Soc., Chem. Commun.
1966, 26. (b) Smith, A. E. Acta Crystallogr., Sect. A 1969, 25, 5161.

(13) Churchill, M. R. Inorg. Chem. 1966, 5, 1608-1612.

(14) Graff, H. A.; Hiittel, R.; Nagorsen, G.; Rau, B. J. Organomet.
Chem. 1977, 136, 389-395.

(15) Feldhaus, P.; Ratka, R.; Schmid, H.; Ziegler, M. L. Z. Natur-
forsch., B: Anorg. Chem., Org. Chem. 1976, 31, 455-462.

(16) Zeiner, H.; Ratka, R.; Ziegler, M. L. Z. Naturforsch., B: Anorg.
Chem. Org. Chem. 1977, 32, 172-1717.

(17) Lippard, S. J.; Morehouse, S. M. J. Am. Chem. Soc. 1969, 91,
2504-2509.

(18) Lippard, S. J.; Morehouse, S. M. J. Am. Chem. Soc. 1972, 94,
6956—6960.

(19) Ukhin, L. Yu; I'in, V. L; Orlova, Zh. 1.; Bokii, N. G. J. Organomet.
Chem. 1976, 113, 167-171,

(20) Churchill, M. R.; Mason, R. Adv. Organomet. Chem. 1967, 5,
93-135.
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Table V. Bond Lengths (A ) in Crystalline
Pd {n*CHCI(CH, ),-anti-CHCCH, }(0,C.H,) (1b)®

Pd-0,,%  2.076(3) oal---oa2 2.944 (5)
Pd-0,, 2074 (4) o .c. 3250 (6)
Pd-C, 2.089 (5) oa, c)’ 3125 (6)
Pd-C 2.100 (4)
Pd-C,,  2119(5) O+ Cuw  2:413(7)
cl-c, 1.809 (5) cE R e g?g
a1~ tlaiz :
0,,-Ca,  1.268(8) C,,-H,,, 1.16(12)
0,,-C.,  1.272(8)  C,,-H,, 0.98 (6)
Ca,~Cas Cas~Has, 1.20 (9)
Cp,-Cas 1509 (9) CasHasz  1.00(7)
C,-C, 1.500 (7) CaszHass ~ 0.90(8)
C,-C, 1.498 (7) g‘:ﬁl 8‘?2 %Q
Car-Cay  1.389(8)  Co-H.. 0.88 (7)
Cas=Cas 1.399(7) C,-H;, 0.91 (6)
Ce-C, 1.436 (6) C,-H,, 1.01 (4)
C,-C,, 1.404 (7)  C,-H,, 1.09 (8)
- C,-H 1.04 (5)
¢,-C; 1537 (8)  Cahies 118 ()
C,-C, 1.548 (7) s~H,
C:!_C4 1.517 (8) CS‘H52 0.98 (6)
C.-C, 1.528 (8)  Co~Ha 0.95 (6)
Cs_Cs 1.532 Cf,-H62 0.95 (8)
C,-C, 1.538(7) C-Ha 0.90 (6)
C,-H,, 0.95 (6)
C,-H, 0.87 (6)
Cio-Hio, 1.01 (6)
Cxo“Hloz 0.87 (6)

% 'he numbers in parentheses are the estimated standard
deviations in the last significant digit. ? Atoms are
labeled in agreement with Figure 1.

Table VI. Bond Lengths (&) in Crystalline

Pd {n*-CHCI(CH,),-syn-CHCCH, }(0,C,H,)°

Pd-0,,%  2.077 (3) oalmoaz 2.946 (4)
Pd-0,, 2.087(8) o 3187 (6)
Pd-C, 2.128 (4) o.‘12 cs 3.248 (5)
Pd-C 2.113 (4)
Pd-C, 2.091 (5) g gs i'zzg(:)
81 (7
cl-C, 1822(5) IR 093 (8)
0,,-Ca,  1.267(5) C,-H,,,  0.89(9)
0,,-Ca;  1.268(5)  C,,-H,, 0.93 (5)
Cai-Cas 1.508 (8) as:gau 8-22‘ (g)
Cpe=Ca: 1.516 (6) as” ez 098 (8)
C.-C, 1.504 (6)  Cas7Hass 96 (8)
c.-C, 1.502 (7) gl‘gl ‘fgg Egg
Car-Cas  1.399(8)  C.-H.. 0.97 (5)
Ca-Cay  1.393(6) C.-H.. 1.04 (6)
C,.-C, 1.418(5)  C.-H., 0.97 (7)
C,-Cq 1.416 (7)  C,-H,, 0.87 (6)
c,-C, 1.514(6) Ca-Ha 0.99(7)
C,-C 1521 (8) CsHa 0.92(8)
el (&) C,-H 0.92 (6
C,-C, 1.516 (8) s~Hss 92 (6)
C.-C, 1.496 (8)  GoH 0.92 (5)
: C,-H,, 1.00 (5)
C,-H,, 1.00 (6)

% The numbers in parentheses are the estimated standard
deviations in the last significant digit. ° Atoms are
labeled in agreement with Figure 2.

system. A similar feature is found in 5b where the cor-
responding dihedral angle between the CgC,Cg?42 and
Pd,0,;,0,,*" planes is 116.56°.21  As observed in the
structures of other 5-allyl compounds® 2 the two carbon
atoms which occupy the terminal positions of the allylic
ligand lie below the square plane of coordination, as de-

(21) Similar dihedral angles are found in other »-allyl complexes.®2°

Table VII.

Hughes and Day

Bond Angles (Deg) Involving

Non-Hydrogen Atoms in Crystalline

Pd {n*-CHCI(CH,),-anti-CHCCH, }(0,C.H,) (1b)?

0,,Pd0,,° 90.4 (1)
0,,PdC,  168.2(2) O,,PdC, 97.3 (2)
O.PAC,  136.0(2) O.PdC,  131.8(2)
O..PdC,,  101.6(2) O..PdC., 166.5(2)
C,PdC, 401 (2)
C.PdC., 700 (2)
CPdC.. 38.9 (2)
cle,c, 108.8 (4) Pd0,,C,  124.6(3)
ic.c, 112.0 (4) PAOL.Co.  124.4 (3)
c,C.C, 109.8 (4)
c.c.c. 1188 (5) gmcace  1220(8)
c.C.C 116.5 (5) a1vaz\“a3 (5)
cic.C. 1171 (5) CarCaCas  118.6(5)
CSC4CS 115.7 (5) 04,Ca4Cas 114.3 (5)
c.cic. 111.8 (5) QuelasCas  1265(5)
cicic, 10977 (4)  GasCaeCes }_}%%Egg
az>~a3iva4
C.C,C, 123.7 (4)
PAC,C, 113.9 (3)
PdC.C, 704 (3)
C,C.CL,  116.3(4)
PAC.C, 69.6 (3)
PAC.C., 71.3 (3)
PAC.C, 123.4 (3)
¢,C.C, 117.8 (4)
cec, 125.5 (4)
PAC, ,C, 69.8 (3)

% The numbers in parentheses are the estimated standard
deviations in the last significant digit. ? Atoms are
labeled in agreement with Figure 1.

Table VIII. Bond Angles (Deg) Involving
Non-Hydrogen Atoms in Crystalline

Pd {n*CHCI(CH,),-syn-CHCCH, }(0,C,H,)®

0,,Pd0,,° 90.1 (1) <C,PdC, 39.1(2)
C.PdC, 39.4 (2)
C.PdC, 65.7 (2)

0,PdO,  166.9(1) 0,PdC,  100.8 (1)

0,,PdC,  133.6(1) OLPdC.  133.9(1)

0., PdC, 99.8 (2) OLPAdC,  168.1 (2)

cIc,C, 1107 (3) PdO,,C,, 1245 (3)

CIC,C, 105.2(3) PdOLC. 1239 (3)

CGG o) 0iCuCa 1158(4)
1C:Cs 8(4)  olchC.,  126.3(4)

C,C.C 1157 (5) mfaiCas :
1C;C ColCaCar 118.2(5)

C.C.C 115.8 (5) carcate S
3~g™~s

c.c.c 117.8(4) Qmlailas  115.1(4)
+C:C ~ 0u,CoiCor 127.1(4)

C.C,C, 126.3 (4) CoiCoiCov  117.8 (4)

PAC.C, 12311 (3) CaCoiCor  127.0 (4)

PAC.C, 69.9 (2)

C,C.C, 114.2 (4)

PAC.C, 71.0(2) PdC,C, 71.2 (3)

PdC.C, 69.5 (3)

PdC.C, 120.9 (3)

C,C,C, 125.2 (4)

C.C.C. 120.0 (4)

% The numbers in parentheses are the estimated standard
deviations in the last significant digit. ° Atoms are
labeled in agreement with Figure 2.

fined by the Pd,0,;,0,; plane. In 1b, C; lies 0.323 & and
Cyo lies 0.229 A below this plane, while in 5b, Cg is 0.267
A and Cg is 0.241 A below the corresponding coordination
plane; it is clear that the allylic ligand in 1b is slightly
skewed compared to that in 5b. This aditional skewing
in 1b is presumably the result of intramolecular nonbonded
repulsion between Pd and C; (Pd:C, separation is 3.024
(5) A). Those hydrogen and carbon atoms directly bound
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to the n-allyl framework are not coplanar with the allylic
moiety. In 1b, C, is displaced toward Pd by 0.152 A from
the C;,Cy,Cyp plane, while in 5b the corresponding dis-
placement of C; from the C¢,C,,Cs plane is 0.195 A. Similar
distortions are observed at the terminal allylic carbon
atoms. In 1b the anti-carbon C; is displaced by 0.965 A
from the Cg,Cg,Cyy plane away from Pd, and the corre-
sponding anti-hydrogen Hy, is displaced by 0.42 A in the
same direction; the syn-hydrogen atoms Hg and H,; are
displaced by 0.16 and 0.25 A toward the Pd. Similarly in
5b the anti-hydrogen atoms Hg and Hg, are displaced from
the Cq,C;,Cg plane away from Pd by 0.44 and 0.58 A, re-
spectively, while the syn atoms C; and Hg,; ocupy positions
which are displaced by 0.150 and 0.19 A toward the metal
atom. Very similar distortions have been noted in other
palladium complexes of this type; in general, distortions
of anti groups away from the metal are more severe than
the corresponding displacements of syn groups toward the
metal, 10,14-16,18-20

There are some interesting differences in the Pd-C, and
C-C, distances for the allyl ligand in these two compounds.
Compound 1b has a significantly shorter (0.030 A) distance
from Pd to the substituted allylic carbon Cg than to the
unsubstituted carbon Cyy. It could be argued that this
corresponds to a greater contribution from the ¢,7-bonding
mode 6a rather than the symmetrically bonded form 6b;%

Pd Pd
6a. 6b.

this appears to be supported by the observation that the
Cy—C,, distance is significantly shorter (0.32 A) than the
corresponding Cg—C, distance. However, it is not clear why
such asymmetry in bonding should occur in this system;
previous examples of the bonding mode shown as 6a have
involved compounds in which the two ends of the allylic
ligand are opposite atoms of differing trans influ-
ence.!21416-18 Thig is clearly not the case here, and the
asymmetry in the »-allyl-Pd bonding is not reflected by
any variation in the Pd-O distances opposite the allyl
ligand. Furthermore, in asymmetrically bonded allyl lig-
ands it is usually the s-bonding carbon atom which is
displaced less from the square plane of coordination;!® the
opposite is true for 1b, in which Cg lies further below the
coordination plane than does C,, (vide supra). As men-
tioned earlier, the skewing of the allyl ligand in 1b probably
occurs to minimize steric interactions of the anti-carbon
C; with the metal; it is difficult to anticipate what effects
such skewing would have on the Pd-C and C-C distances
involved.

In contrast, 5b exhibits a shorter distance from Pd to
the unsubstituted allylic carbon atom Cg (2.091 A) than
to the substituted carbon C4 (2.128 A). The dissimilar
Pd-C distances are not reflected within the allylic ligand,
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however, where the C-C distances are identical (1.418 &),
but the Pd-0,, distance (2.087 A) is slightly longer than
the Pd-0,, separation (2.077 A). The longer Pd-Cg and
Pd-0,; distances are probably a manifestation of steric
interactions between the methylene hydrogen H,; (which
f{ tipped toward the metal) and O, (H,-O,, = 2.76 (6)

).

Bond lengths and angles within the acetylacetonato!®
and organic ligand ring systems!5'6 appear to be normal.

The gross features of the conformation of the organic
ring systems in 1b and 5b also serve to explain the different
facilities with which 1a and 5a undergo the dynamic 7 —
7! — 5° transformation in the presence of donor ligands
in solution.2 It is quite clear from the structure of 5b that
the —~(CH,),CHCI~ chain winds essentially parailel to the
plane of the allylic carbon atoms.?2 The »° — ! — »
transformation, preferentially forming the ¢ bond at the
unsubstituted carbon atom, requires that the metal
transfer from one face of the allyl ligand to the other, and
such a process in 5a or its immediate kinetic precursor 4,
would meet with minimal steric interference from the
ring.?® Isomer 5a is thermodynamically preferred, prob-
ably because the Pd and the Cl atoms reside on opposite
faces of the ligand. In 1b, the situation is markedly dif-
ferent, since the -(CHy)¢CHCI- chain effectively blocks the
back-face of the allyl ligand. Any #® — ' — 7% isomeri-
zation of 1a would require severe conformational changes
in the ring to accommodate the migrating metal atom.
Presumably this factor raises the activation energy for this
process sufficiently to preclude such isomerization.?
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angles involving hydrogen atoms (Tables IX and X), and observed
and calculated structure factors from the final cycles of refinement
(compound 1b, Table XI: compound 5b, Table XII) (29 pages).
Ordering information is given on any current masthead page.

(22) A similar conformational feature is observed for the organic ligand

in [PdCl{»3-CH(Me)(CH,)3-syn-CHCCH,}1,.!% -

(23) See discussion in ref 2a.

(24) The least-squares mean planes for the following groups of atoms
in 1b and 5b are defined by the equation: aX + bY + ¢Z = d, where X,
Y, Z are orthogonal coordinates measured along &, b, é*, respectively, of
the crystal system. (a) Cgq, Cy, and Cyg for 1b: a = 0.340, b = -0.674, ¢
= —0.656, d = -0.366. Cg, C;, and Cg for 5b: a = —0.468, b = 0.731, ¢ =
-0.500, d = -3.11. (b) Pd, O,;, and O,, for 1b and 5b: for 1b, a = 0.644,
b =—0.645, ¢ = -0.411, d = —4.98; for 5b; a = —0.275, b = 0.936, ¢ = 0.218,
d = -4.55.
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Bridged Ferrocenes. 9.' Lithiation and Subsequent Reactions
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Dilithiation of a trimethylene-bridged ferrocene with n-butyllithium and TMEDA selectively metalated
the ring at the 2,2’- or the 3,3’-positions. The dilithio derivatives were converted to the dicarboxylic acid,

the dibromo, and the diiodo derivatives.

Introduction

For several anticipated applications such as the forma-
tion of an additional bridge under alkaline conditions®*
(formation of a bridge from a propionic acid using tri-
fluoracetic anhydride causes rearrangement of a bridge of
1,1’,2,2’ 4,4’-tris(trimethylene)ferrocene-3-propionic acid),’®
Ullmann type coupling of dihalo derivatives to form
bridged [0,0]ferrocenophanes,®’ and the formation of
bridged [1,1]ferrocenophanes,? it is desirable to able to
place a pair of substituents on the corresponding positions
of each ring of a bridged ferrocene. Friedel-Crafts ace-
tylation of 1,1’-trimethyleneferocene, I (see Figure 1 for
structures), have been found to form all of the disubsti-
tuted products but 2,2’-diacetyltrimethyleneferrocene and
3,3’-diacetyltrimethyleneferrocene.? However, since di-
lithiation of ferrocene using n-butyllithium and TMEDA1
was shown!! to involve an intermediate holding the two
lithiums as part of a bridge spanning the two rings, it
would appear that the steric requirements of dilithiation
of any trimethylene-bridged ferrocene would give a product
whose lithium atoms are on the corresponding positions
of each ring. This paper reports an investigation of this
reaction.

Results

The trimethyleneferrocene, I, was lithiated with n-bu-
tyllithium and TMEDA, followed by reaction with CO,,
BrCF,CF,Br, or I, to give mixtures of the mono- and di-
carboxylic acids, bromides, or iodides. Since the carboxylic
acids were difficult to purify, they were converted to their
methyl esters. Chromatographic separation gave the pure
products later identified as the 2-carbomethoxy, bromo,
or iodo derivative, Ila—c, the corresponding derivatives with
the substituents on the 3-position, ITla—c, the disubstituted

(1) Paper 8: Fujita, E.; Gordon, B.; Hillman, M.; Nagy, A. G. J. Or-
ganomet. Chem. 1981, 218, 105-114.

(2) To whom correspondence should be addressed.

(3) Barr, T. H.; Watts, W. E. Tetrahedron 1968, 24, 3219-3235.

(4) Mock, W.; Richards, J. H. J. Org. Chem. 1962, 27, 4050~4051.

(5) Hillman, M.; Gordon, B.; Weiss, A. J.; Guzikowski, A. P. J. Orga-
nomet. Chem. 1978, 155, 77-86.

(6) Hedberg, F. L.; Rosenberg, H. J. Am. Chem. Soc. 1969, 91,
1258-1259.

(7) Cowan, D. O.; LeVanda, C. J. Am. Chem. Soc. 1972, 94, 9271-9272.

(8) Cassens, A.; Eilbracht, P.; Nazzal, A.; Prossdorf, W.; Mueller-
Westerhoff, U. T. J. Am. Chem. Soc. 1981, 102, 6367-6372.

(9) Winstead, J. A.; McGuire, R. R.; Cochoy, R. E.; Brown, A. D., Jr.;
Gauthier, G. J. J. Org. Chem. 1972, 37, 2055-2060.

(10) Rausch, M. D.; Ciappenelli J. Organomet. Chem. 1967, 10, 127~
136, Kovar, R. F.; Rausch, M. D.; Rosenberg, H. Organomet. Chem.
Synth. 1970-1971, 1, 173-181.

(11) Walczak, M.; Walczak, K.; Mink, R.; Rausch, M. D.; Stucky, G.
J. Am. Chem. Soc. 1978, 100, 6382-6388.

derivatives with substituents on the 2- and 2’-positions,
IVa—c, and the disubstituted derivatives with substituents
on the 3- and 3’-positions, Va—c.

When potassium tert-butoxide was used as a base in-
stead of TMEDA, very little of IVa or IVb was formed and
new minor disubstituted derivatives were observed, ten-
tatively identified as VIIIa,b. This reaction was not carried
out by using iodine. However, the VIIIc was isolated from
that reaction mixture using TMEDA as a minor product.

Discussion

The structural assignments of the disubstituted products
were based primarily on the NMR spectra but also on the
comparison of one of the products with a sample of the
compound with one of the two alternative structures.
Analysis of the *C NMR spectrum (both coupled and
decoupled with 'H) of Va narrowed consideration to four
possible isomers, the 2,2/, the 2,5, the 3,3’, and the 3,4’
isomers. This interpretation was based on the detection
of nine different carbon atoms with the expected couplings.
The other possible isomers have lower symmetry with 11
or 17 different carbon atoms. The 'H NMR spectrum of
Va contains two different ring protons in the ratio of 2:1
with the more abundant protons downfield (5 4.82) from
the others (6 4.15). The downfield protons are the ones
vicinal to the carbomethoxy groups. Since there are twice
as many of these, Va must be either the 3,3’ or the 3,4’
derivative. The reverse is true for IVa. The downfield ring
protons are half the abundance of the others, and this
confirms the assignment of I'Va as either the 2,2’ or the
2,5 derivative.

Further examination of the 'H NMR spectra of [Va and
Va are suggestive that these compounds are in fact the 2,2-
and the 3,3'-dicarbomethoxy derivatives. The bridge
protons of I are found as a single sharp peak, even at 360
MHz, despite the fact that the o- and §-protons differ. In
Va, at 80 MHz the bridge protons form a broad peak which
becomes a pair of broad multiplets at 360 MHz separated
by 0.1 ppm. In IVa, the bridge protons have been modified
from I by an even greater extent, forming a pair of broad
multiplets separated by 0.6 ppm. This behavior can be
explained if the carbomethoxy groups are on the corre-
sponding positions of each ring. The aposition of the
carbomethoxy groups, even though on different rings, is
accompanied by a repulsion and a consequent change in
the ring-tilting geometry from that in I. The carbomethoxy
groups in the 2- and 2’-positions exert an even greater
distortion on the bridge than those on the 3- and 3’-pos-
itions. This is evident in the !H NMR spectra as a greater
separation of the bridge-proton peaks in IVa than in Va.

This interpretation requires that the interaction of
carbomethoxy groups on the 3- and 4’-positions do not
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Reactions of 1,1’-Trimethyleneferrocene
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Figure 1. Structures of ferrocene derivatives. The filled circles
are the iron atoms.

exert a strong influence on the bridges. Confirmation was
obtained by the synthesis of a sample of the 3,4’-di-
carbomethoxy derivative, VII, from VI, and the exami-
nation of its '!H NMR spectrum. Not only did the spec-
trum differ from that of Va, but also the influence of the
carbomethoxy groups on the bridge protons is small. A
single, though slightly broadened, peak is found for the
bridge protons even at 360 MHz.

Assignment of the structures of the dibromide and di-
iodides was corroborated by similar arguments concerning
the deformation of the bridge-proton signals in the H
NMR spectra. In both cases, the bridge protons had sig-
nals of greater complexity for the 2,2’ than for the 3,3’
derivatives. The relative positions of the ring protons were
the same for IVb and Vb as for IVa and Va. The downfield
shift caused by the bromine is not as great as that caused
by the carbomethoxy group. The influence of the iodine
atoms in IVe and Ve is not as clear, and it is possible that
the iodide in some cases acts as an electrophobe. The ring
protons of the dibromides and the diiodides were better
resolved than those of the dicarbomethoxy groups, and the
assignments were easier; e.g., in IVh,c triplets exist with
ortho coupling (J = 2.5-2.7 Hz) consistent with the 4,4’
protons and in Vb,¢ triplets exist with meta coupling (J
= 1.2 Hz) consistent with the 2,2’ protons. Tentative
assignments of all of the ring protons that are consistent
with the structures are given in the Experimental Section.

The monocarbomethoxy derivatives Ila and IITa had
properties that resemble those in the literature and the
structural assignments were made accordingly. The
structure assignments of IIb,c and IIIb,c were deduced
from the 'TH NMR spectra by the greater deformation of
the bridge protons in the 2-substituted derivatives (IIb,c)
than in the 3-substituted derivatives (IIIb,c) and by the
observance of a triplet with ortho coupling in Ilc. In ad-
dition, the structural assignments of all of the compounds
are consistent with the observation? that the order of
elution on chromatography follows the pattern that de-
rivatives of I with substituents in the 2-position are eluted
before derivatives with substituents in the 3-position.

Thus, dilithiation of I with n-butyllithium and TMEDA
places the lithium atoms on corresponding positions of
each ring. The use of other bases are expected to enhance
the speed of the reaction but are expected to be not as
selective in the positioning of the metal atoms.}? In an
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adaptation of Osborne’s!?2 and Schlosser’s!® methods, n-
butyllithium was used together with potassium tert-but-
oxide as the base in a reaction with I. The results for
bromination and carboxylation were essentially the same
except that either no or very little 2,2" derivative was
formed and small amounts of new products, VIIIa,b, were
isolated. Since a corresponding diiodination product VIIIc
was isolated from the reaction by using TMEDA, it ap-
pears that the formation of the new dibromo and dicarboxy
derivatives was not induced by the presence of potassium
tert-butoxide but that isolation was made easier by the
absence or negligible presence of IVa,b as products.

A tentative assignment of the structures was made es-
sentially on the basis of the 'H NMR spectrum of VIIIa
and VIIlc. In VIIIa there are two methyl groups, indi-
cating that the compound is asymmetrical. The presence
of the somewhat broad bridge protons indicates substitu-
tion in the 2-position. Of the four possibilities, 2,3, 2,4,
2,3, and 2,4’, the last two derivatives are each expected
to have a ring proton with a triplet with ortho coupling
and a ring proton with a triplet with meta coupling, as does
the observed spectrum of VIIIa. Since the formation of
a dilithio derivative with lithium on neighboring atoms
appears to be preferred, the dicarbomethoxy derivative is
assigned the structure shown for VIIIa. A similar inter-
pretation may be made for the diiodo derivative, and the
structure VIIlc is assigned. Two triplets, one with ortho
coupling and one with meta, can be discerned except that
the suggested triplet with meta coupling is not well re-
solved. The positions of the peaks are different from those
of VIIIa as would be expected if the carbomethoxy group
is electron withdrawing and the iodo is electron donating.
An interpretable 'H NMR spectrum was not obtained for
the dibromo derivative, probably due to the presence of
impurities. The tentative assignment VIIIb is made by
analogy. No further work was done with any of these three
compounds.

Osborne!? suggested that the potassio derivative was
formed when potassium menthoxide was used as a base,
while Schlosser'3 assumed that when potassium tert-but-
oxide was used, a lithio derivative was formed, but one that
is more loosely bound. Since the only major product
formed was the 3,3’ derivative, an association of metal
atoms in the dimetallo intermediate seems plausible. This
favors the loose dilithio but does not rule out the dipotassio
derivative.

Experimental Section

Compounds I and VI were prepared according to literature
procedures.®!4 A sample of VI was generously donated by Dr.
T. E. Bitterwolf. 'H NMR spectra were obtained on a Varian
CFT-20 spectrometer equipped with a dual 80-MHz proton and
20-MHz carbon probe and on a Bruker WH-360 spectrometer.
13C NMR spectra were obtained at 90.52 MHz on a Bruker
WH-360 spectrometer. The NMR data are given in parts per
million (intensity, multiplicity, coupling constant, position). All
preparations were carried out under N,. Absorption grade alumina
(Fischer) and 80-200 mesh silica gel (Baker) were used for the
chromatography. Hexane and ether for the reactions were dried
over CaH, After the reaction of the metallo derivative was
complete, a N, atmosphere was not used further.

Preparation of the Dilithio Derivative of I. (a) With
TMEDA. The n-butyllithium-tetramethylethylenediamine
complex was formed in the addition funnel by adding 1.67 mL
TMEDA (11 mmol) to a solution of 7.0 mL of 1.57 M n-butyl-

(12) Osborne, A. G.; Whiteley, R. H. J. Organomet. Chem. 1978, 162,
79-81.
(13) Schlosser, M. J. Organomet. Chem. 1967, 8, 9-16.

(14) Rinehart, K. L., Jr.; Curby, R. J., Jr.; Gustafson, D. H.; Harrison,
K. G.; Bozak, R. E,; Bublitz, D. E. J. Am. Chem. Soc. 1962, 84, 3263-3269.
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lithium (11 mmol) in 20 mL of dry hexane. This mixture was
then added at room temperature to a solution of 1.0 g (4.5 mmol)
of I in 30 mL of hexane. Stirring was continued for 20 h.

(b) With Potassium tert-Butoxide A solution of 7.0 mL of
1.567 M n-butyllithium in 10 mL of dry hexane was added at room
temperature to a stirred suspension of 1.12 g (10 mmol) of KO-
t-Bu and 1.0 g (4.5 mmol) of I in 40 mL of hexane. Stirring was
continued for 2-3 h.

Reaction of the Dilithio Derivative. (a) With CO,. Dry
ice was placed in a reservoir in the N inlet stream. The N, source
was turned off, and the CO, gas was allowed to pass over the
stirred reaction mixture cooled by a dry ice~acetone bath until
CO, was no longer absorbed. The reaction mixture was warmed
to room temperature. A 50-mL sample of water was added; the
layers were separated; the aqueous layer was extracted with
benzene; the hexane layer was washed with HyO. The combined
organic layers were dried over Na,SO, and evaporated to dryness
to give 545 mg of I when TMEDA was used and 261 mg of I when
KO-t-Bu was used. The aqueous layer was acidified with 6 N HCL
The precipitate was separated and air dried to give 891 mg of a
mixture of carboxylic acids when TMEDA was used and 851 mg
of the mixture when KO-t-Bu was used.

(b) With Dibromotetrafluoroethane (C,F Br,). A solution
of 1.3 mL (2.91 g, 11.1 mmol) of C,F;Br; in 10 mL of dry hexane
was added to the reaction mixture cooled by a dry ice—acetone
bath. Stirring of the cooled mixture was continued for 3 h. The
mixture was warmed to room temperature. A 2-mL sample of
H,0 was added followed by 35 mL of CH,Cl,. The solution was
filtered, dried over Na,SO,, and evaporated to dryness to give
1.79 g of the crude product when TMEDA was used and 1.56 g
when KO-t-Bu was used. The crude product was chromato-
graphed on a 3.5 cm X 80 ¢m alumina column with hexane. When
TMEDA had been used, four bands developed. The first was 287
mg of a mixture of I and IIb. The second was 143 mg of crude
IIIb as an oil, the third, eluted with 1-2% CgHj in hexane, was
504 mg of IVDb, and the fourth band, eluted with 5% CgzHg in
hexane, was 337 mg of Vb. The mixture of I and IIb was re-
chromatographed on a 2 cm X 38 ¢m column of silica gel with
hexane. Two bands developed. The first was 32.1 mg of ITb as
an oil, and the second was 238 mg of I. When KO-¢-Bu had been
used, the chromatographic separation was not clear except for
the last band containing 632 mg of Vb. Repeated chromatographs
of various groups of fractions gave 22 mg of I, 34 mg of IIIb, and
66 mg of VIIIb. No IVb was detected. IIb was recrystallized from
pentane at -20 °C to give an orange solid: mp 158-158.5 °C; 'H
NMR 6 4.31 (2H, m), 4.01 (1 H, t, J = 2.4 Hz, 4), 3.96 (3 H, m),
1.87-2.44 (6 H, m). Anal. C;gH,;BrFe: C, H. IIIb was recrys-
tallized from pentane at —20 °C to give an orange solid: mp 6768
°C; 'H NMR ¢ 4.27, 4.30 (4 H, m), 3.92 (2 H, m), 3.79 (1 H, m),
1.92 (6 H, s). Anal. Cy;H;;BrFe: C, H. IVb was recrystallized
from 1:1 CgHg:hexane to give large orange-brown needles: mp
242 °C dec; '"H NMR 5 4.32, 4.34, 4.36, 4.37 (2 H, dd, J = 2.5 Hz,
3,3),4.06,4.10,4.13 (2 H, t, J = 2.5 Hz, 4,4"), 3.96, 3.98, 4.00, 4.01
(2H, dd,J = 2.6 Hz, 5,5, 1.82-2.45 (6 H, m). Anal. C,sH,,Br,Fe:
C, H. Vb was recrystallized from 1:1 CgHg-hexane to give small
orange-brown needles: mp 184.5-186 °C; 'H NMR 5 4.30-4.37
(4H,m,2,2,44),3.93-3.98 (2 H, m, 5,5'), 1.91, (6 H, s). Anal.
Cy3HyyBroFe: C, H. VIIIb was obtained as an oil and was not
purified: *H NMR 4§ 4.28 (2 H, m), 4.06 (1 H, m), 3.91 (1 H, m),
3.86 (1 H, m), 3.78 (1 H, m), 1.72-2.38 (6 H, m).

(c) With Iodine. A solution of 2.49 g (9.8 mmol) of I, in 30
mL of ether was added to the reaction mixture (only TMEDA
was used for these runs) cooled with a dry ice—acetone bath.
Stirring of the cooled mixture was continued for 2 h. After the
mixture was warmed to room temperature, 3 mL of H,O was
added followed by 15 mL of CH,Cl,. (Note: This addition of H,0
and CH,Cl, was accompanied by decomposition. In a much larger
run not used for determining yields, the addition of HyO was
eliminated, and the decomposition was not observed. However,
the solubility of Lil in CH,Cl, complicated the subsequent
workup.) The mixture was filtered, dried over Na,SO,, and
evaporated to dryness to give 1.43 g of a crude product. The
product was chromatographed on a 2.5 cm X 23 cm alumina
column with hexane. Three bands developed. The first was eluted
with hexane and contained 421 mg of a mixture of I, IIc, and IIlc.
The second was eluted with 1:3 CgHg-hexane to give 524 mg of
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a mixture (by TLC), and the third was eluted with 1:1 CgHs
hexane to give 89.5 mg of Vc. The product from the first band
was rechromatographed to give 214 mg of I, 68 mg of Ilc, and 76
mg of Illc in addition to 76 mg of a mixture of the three com-
pounds. Rechromatography of the product of the second band
gave 234 mg of IVc and an additional 99 mg of V¢ and mixtures
of the various components. An accumulation of the mixtures from
several experiments was rechromatographed in order to recover
additional material. From this, 45.8 mg of VIIIc was obtained,
emerging from the column between Illc and IVc. Ilc was re-
crystallized from pentane at —20 °C to give a tan solid: mp 102-103
°C; 'H NMR 6 4.25-4.32 (2 H, m), 4.09, 4.12, 415 (1 H, t, J =
2.5 Hz, 4), 8.96-4.07 (3 H, m), 3.42 (1 H, m), 1.88-2.32 (6 H, m).
Anal. C;gHsIFe: C, H. IIlc was recrystallized from pentane at
-20 °C to give a yellow-orange powder: mp 52-53 °C; 'H NMR
0 4.26, 4.29 (4 H, m), 3.92-3.97 (2 H, m), 3.60-3.66 (1 H, m), 1.93
(6 H,s). Anal. Caled for C;3H 3IFe: C, 44.36. Found: C, 45.02
(this compound appeared to be less stable than the others). IVc
was recrystallized from 1:1 CgHg-hexane to give orange-brown
needles: mp 224 °C with dec; 'H NMR § 4.29-4.34 (2 H, m), 4.17,
4.20,4.30 2 H, t,J = 2.5 Hz, 4,4"), 4.02-4.06 (2 H, m), 1.73-2.11
(6 H, m). Anal. C;gH;I,Fe: C, H. Vc was recrystallized from
1:1 CgHg-hexane to give orange-brown plates: mp 182.5-183 °C;
'H NMR 5 4.28-4.32 (2 H, m), 4.19, 4.21, 4.23 (2 H, t, J = 1.2 Hz,
2,2/), 3.98-4.02 (2 H, m), 1.93 (6 H, S). Anal. 013H1212Fe: C, H.
VIIic was obtained as an oil and was not purified: 'H NMR &
4.29,4.32,4.35 (1 H, t,J = 2.5 Hz, 4), 4.21, 4.23, 4.24, 4.26 (1 H,
dd, J = 2.3 Hz, 3), 3.90 (1 H, m, 4) 3.87 (2 H, m, 5,5, 3.58, 3.60,
3.62 (1 H,t,J = 1.2 Hz, 2), 1.91-2.29 (6 H, m).
Esterification of Carboxylic Acids. The mixture of car-
boxylic acids formed using TMEDA (649 mg, 2.07 mmol) was
refluxed in 1000 mL of methanol and 6 mL of concentrated H,SO,
for 24 h. The reaction mixture was cooled, and unreacted acid
was recovered by filtration. The unreacted acid was esterified
in the same way by using proportionate amounts of reactants.
Water was added to the methanol which was made alkaline with
5% NaOH. The mixture was extracted with CH,Cl, which was
dried over Na,SO, and evaporated to dryness to give 594 mg of
a mixture of esters. This was chromatographed on a 2.5 ecm X
22 cm column of silica gel using benzene as solvent. Four bands
developed. The first contained 26.7 mg of Ila as an oil (lit.!5!€
oil, mp 41-44 °C), the second 39 mg of IIla as an oil, the third

. 247 mg of IVa as an orange solid, and the fourth 252 mg of Va

as an orange solid. When KO-¢-Bu had been used, the yield of
crude esters was 844 mg from 851 mg of acids. Chromatography
on silica gel gave 35.4 mg of Ila, 152 mg of IIla, 21.7 mg of IVa,
53 mg of VIIIa, and 412 mg of Va in that order. Illa was re-
crystallized from hexane at —20 °C to give a tan solid: mp 73.5-74
°C (lit.'® mp 55-56 °C); 1H NMR 6 4.64, 4.66 (2 H), 4.17-4.25 (3
H, m), 3.92-3.97 (2 H, m), 3.74 (3 H, s, CH;), 1.98 (6 H, m). [Va
was recrystallized from hexane to give a reddish brown solid: mp
145-146 °C; 'H NMR 6 4.83, 4.86, 4.88 (2 H, m, 3,3), 4.16, 4.19
(4 H, m, 4,4,5,5), 3.75 (6 H, s, CHj;), 1.86-2.36, 2.36-2.86 (6 H,
m). Anal. C;;H;;OFe: C, H. Va was recrystallized from benzene
to give a brown solid: mp 162-163 °C; 'H NMR 4§ 4.81, 4.83 (4
H, 2,2,4,4), 4.13, 4.15, 4.18 (2 H, 5,5), 3.76 (6 H, CH3), 1.87-2.00,
2.00-2.13 (6 H, m); 1*C HMR 6 163.0 (s, C=0), 89.7 (s, 3,3), 74.6
(s, 1,17, 73.5, 72,4, 71.7 (3 d, J = 183 Hz, 2,2',4,4',5,5'), 53.6 (q,
J = 143 Hz, CHj), 38.2 (t, J = 127 Hz, 3-CH,), 28.2 (t, J = 127
Hz, «-CH,). Anal. C;H;30Fe: C, H. VIIla was obtained as
an oil and was not purified: 'H NMR 6 4.60 (1 H, m), 4.55 (1 H,
m), 4.30,4.33,4.36 (1 H,t,J = 2.7 Hz, 4), 425 (1 H, t,J = ~1.1
Hz, 2), 4.07, 4.08 (2 H, m), 1.49-2.71 (6 H, m).
3,4-Dicarbomethoxy-1,1’-trimethyleneferrocene (VII).
The procedure of Rinehart et al.!” was used to convert VI to the
dicarboxylic acid. A mixture of 100 mg (0.32 mmol) of VI, 200
mg (0.79 mmol) of I, and 2 mL of pyridine was stirred under
nitrogen at room temperature for 20 h. The mixture was then
heated on a boiling water bath for 1.5 h, 15 mL of 0.6 N NaOH
was added, and the mixture again was stirred at room temperature

(15) Falk, H.; Hofer, O.; Schlogl, K. Monat. Chem. 1969, 100, 624-648.

(16) Rapic, V.; Schlégl, K.; Steinitz, B. J. Organomet. Chem. 1975, 94,
87-98.

(17) Rinehart, K. L., Jr.; Motz, K. L.; Moon, S. J. Am. Chem. Soc.
1957, 79, 2749-2754.
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for 60 h. After being left sitting in a hot water bath for 1 h, the
mixture was filtered. The crystals were washed with 0.6 N NaOH,
and the combined wash and filtrate were extracted with ether
and then acidified with 10 mL of 6 N HCI to precipitate the
dicarboxylic acid, crude yield 55.7 mg.

A 2 M solution of CH,;N; in 4 mL of ether (8 mmol) was added
to a solution of the dicarboxylic acid in 250 mL of ether, and the
mixture was kept in a refrigerator at 0 °C for 3 days. Excess
CH,N, was destroyed by adding 10 mL of glacial acetic acid, and
the mixture was then extracted with 5% NaOH. The ether layer
was washed with H,0, dried over Na,SO,, and evaporated to
dryness to give the crude diester VII. The crude diester was
chromatographed on a 1 ¢cm X 20 cm silica gel column with
benzene. Four bands developed. The third and major band was
eluted with 1:99 ethyl acetate-benzene mixture to give 44.5 mg
of crude VII. Recrystallization from hexane at -20 °C gave a
yellow-orange solid: mp 93-93.5 °C; 'H NMR § 4.61, 4.63, 4.64
(2H,dd, J = 1.3, 1.3 Hz, 2,56"), 4.50, 4.52, 4.53,4.55 (2 H, dd, J
= 1.3, 2.6 Hz, 3,4), 4.39, 4.41,4.42,4.44 (2 H, dd, J = 1.3, 2.7 Hz,

2/,5), 3.73 (6 H, 8, CHS), 1.97 (6 H, S, CHQ) Anal. Cl7H1804Fe:
C, H.
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For a series of monosubstituted bis(arene)chromium cations, the UV ligand—-metal charge-transfer (LMCT)
bands and electron spin resonance (ESR) parameters do not depend on the nature or ring substituents.
However, as the number of electron-donating groups on the arene ring are increased inductive effects become
more significant. X-ray crystallography has been applied to determine the molecular structure of bis-
(1,3,5-triisopropylbenzene)chromium(I) iodide. The staggered conformation was found to be stabilized
by steric factors. Crystal data for bis-(1,3,5-triisopropylbenzene)chromium(I) iodide are as follows: space
group P1 (triclinic), unit-cell dimensions a = 9.988 (3) A, b = 16.199 (3) A, ¢ = 9.479 (2) &, a = 91.08 (2)°,
8 =106.92 (2)°, and v = 96.33 (2)°, and p.yq = 1.340 g cm™3 for Z = 2. The final R factor is 0.037 for 5358
observed independent reflections. The ring angle at the substituted carbon has an average value of 118.6°,
consistent with the electron-donating nature of isopropyl groups as predicted by Domenicano?® for un-

complexed benzene rings.

Introduction

Charge-transfer spectra have been measured for Cr-
(C¢Hg), and Cr(CgHg),™ and assignments are clearly ten-
tative.’? The effects on the shifts of charge-transfer
spectra induced by substitution in the bis(arene)chromium
cations are investigated here in order to examine the as-
signment of the ligand to metal (e;, — a;,) charge-transfer
bands.

Substituent effects on the ESR data in cationic bis(ar-
ene)chromium complexes have been the subject of several
reports,>® dealing primarily with alkyl-substituted bis-

(1) Warren, K. D. Struct. and Bonding (Berlin) 1976, 27, 45 and
references therein.

(2) (a) Hillier, 1. H.; Canadine, R. M. Discuss Faraday Soc. 1969, 38,
27. (b) Weber, J.; Geoffroy, M.; Goursot, A,; Penigault, E. J. Am. Chem.
Soc. 1978, 100, 3995. (c) Anderson, S. E,, Jr.; Drago, R. S. Inorg. Chem.
1972, 11, 1564.

(3) Burdorf, H.; Elschenbroich, Ch. Z. Naturforsch., B: Anorg. Chem.,
Org. Chem. 1981, 36B, 94.

(4) Elschenbroich, Ch.; Mockel, R.; Zenneck, U.; Clack, D. W. Ber.
Bunsenges. Phys. Chem. 1979, 83, 1008.

(benzene)chromium compounds.*® It is instructive to
examine these results in the light of ESR data and the
nature of the substituents in the arene ring.

To avoid the impurities formed in the synthesis by the
Friedel-Crafts method, bis(1,3,5-triisopropylbenzene)-
chromium has been prepared by using the cocondensation
of chromium vapor with 1,3,5-triisopropylbenzene at —196
°C. Oxidation of the complex in air in presence of an
aqueous KI solution gives the iodide of bis(1,3,5-triiso-
propylbenzene)chromium(I) which was obtained in the
crystalline state and used for the X-ray structure study.
The structure of bis(benzene)chromium(I) iodide,” bis-
(toluene)chromium(I) iodide,? bis(ethylbenzene)chromium
iodide,? n'2-[3,3](paracyclophane)chromium(I) triiodide,°

(5) Gribov, B. G.; Kozyrkin, B. L; Krivospitskii, A. D.; Chirkin, G. K.
Dokl. Chem. (Engl. Transl.) 1970, 193, 457.

(6) Reviews to conventional synthetic method for the chemistry of
bis(arene)chromium, see: Sneeden, R. P. E. “Organochromium
Compounds”; Academic Press: New York, 1975.

(7) Morosin, B. Acta Crystallogr., Sect. B 1974, B30, 838.

(8) Starovskii, C. V.; Struchkov, Yu. T. Zh. Strukt. Khim. 1961, 2, 161.
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and (1,1’-tetramethylenedibenzene)chromium(I) iodide!!
have been studied. Studies of effects of the substituents
on structures, stereochemistry and bonding of bis(ar-
ene)chromium complexes have been reported recently by
Eyring, Zuerner, and Radonovich.!?> There has been only
one conformational study in the bis(arene)chromium
complexes by means of dynamic NMR spectroscopy.!?
Here, X-ray crystallography has been applied to determine
the molecular structure of bis(1,3,5-triisopropylbenzene)-
chromium iodide.

Experimental Section

(1) Syntheses of Bis(arene)chromium(0) and Bis(ar-
ene)chromium(I) Compounds. The bis(7®-arene)chromium(0)
complexes containing the functional groups CHg, H, COOC,H;,
Cl, i-C3H;, and OCH; were synthesized by metal-ligand cocon-
densation techniques.!*® The compounds prepared by Frie-
del-Crafts syntheses'® contained H, CHs, and Ph. The CHO
compound was prepared by metalation of bis(benzene)chromium.!?

A new bis(arene)chromium compound, [1,3,5-(CsHj;)(i-
C3H,)3},Cr% was prepared by the following procedure, which is
typical of the vapor synthesis of the chromarenes.

A 0.7-g sample of chromium was condensed with 30 mL of
1,3,5-triisopropylbenzene at —196 °C and $10™ torr as described
previously.’> The mixture was allowed to warm to room tem-
perature. The excess 1,3,5-triisopropylbenzene was removed in
a vacuum (<107 torr) at 100 °C, and a cold finger was placed in
the flask. The bis(1,3,5-triisopropylbenzene)chromium was
sublimed at 130 °C and 10~ torr (5% yield). The orange-brown
solid was scraped from the cold finger and stored in the argon-filled
glovebox: mass spectrum (70 eV), m/e (relative intensity) 460
(M, 41.8), 250 (CrL, 72.5), 204 (L, 48.5), 189 (L ~ CHj, 100), 52
(Cr, 19.9); 'H NMR (toluene-dg, 23 °C) § 1.32 (d, 36 H), 3.23 (m,
6 H, isopropyl CH protons), 4.32 (br s, 6 H, ring protons); *C NMR
(toluene-dg, 23 °C) & 25.09 (q, *Jcy = 123 Hz, methyl carbons),
33.19 (d, “Jcy = 122 Hz, isopropyl CH carbons), 73.48 (d, YJey
= 157 Hz, unsubstituted ring carbons), 99.08 (s, substituted ring
carbons).

The bis(n%-arene)chromium(I) cations were obtained by oxi-
dizing these chromium(0) compounds in the air in the presence
of water to give the hydroxide of bis(r®-arene)chromium(I). When
sodium tetraphenylborate or potassium iodide was added to these
aqueous solutions, the precipitate of the yellow tetraphenylborate
or iodide salt of bis(n®-arene)chromium(I) was collected, filtered,
washed with water and then ether, and dried in a vacuum at room
temperature. The purity of the compounds was verified by IR
and UV-visible spectra and microanalyses. The IR bands in the
300-500-cm™ region are characteristic of bis(arene)metal sandwich
compounds.’®® The functional groups CHg, Ph, i-C;H;, H, OCH,,

(9) Lebedev, V. A.; Golovachev, V. P.; Kuzmin, E. A. Zh. Strukt.
Khim. 1977, 18, 1073.

(10) Ziegler, M., et al. Angew. Chem., Int. Ed. Engl. 1980, 19, 44; Acta
Crystallogr., Sect. B 1980, B26, 2054,

(11) Salnikova, T. N.; Andrianov, V. G.; Yureva, L. P.; Zaitseva, N. N.
Koord. Khim. 1978, 4, 288.

(12) Eyring, M. W.; Zuerner, E. C.; Radonovich, L. J. Inorg. Chem.
1981, 20, 3405.

(13) Zenneck, U.; Elschenbroich, Ch.; Mockel, R. J. Organomet. Chem.
1981, 219, 177.

(14) For comprehensive reviews and leading references to the chem-
istry of metal vapor synthesis, see: (a) Blackborow, J. R.; Young, D.
“Metal Vapor Synthesis in Organometallic Chemistry”; Springer-Verlag:
Berlin, Heidelberg, New York, 1979. (b) Graves, V.; Lagowski, J. J. Inorg.
Chem. 1976, 19, 577. (¢) Klabunde, K. J. “Chemistry of Free Atom and
Particles”; Academic Press: New York, 1980. (d) Moskovits, M.; Ozin,
G. A. “Cryochemistry”; Wiley-Interscience: New York, 1976.

(15) Li, T. T.-T.; Brubaker, C. H., Jr. J. Organomet. Chem. 1981, 216,
223.

(16) (a) Brauer, G.,, Ed. “Handbook of Preparative Inorganic
Chemistry”; Academic Press: New York, 1965; Vol. 2, p 1396. (b) Fischer,
E. O. Inorg. Synth. 1960, 6, 132.

(17) Nesmeyanov, A. N,, et al. Izv. Akad. Nauk SSSR, Ser. Khim.
1974, 2865; 1976, 922.

(18) Efner, H. F.; Tevault, D. E; Fox, W. B.; Mardzewski, R. R. 8. J.
Organomet. Chem. 1978, 146, 45.

(19) Li, T. T.-T.; Weaver, M. J.; Brubaker, C. H. J. Am. Chem. Soc.
1982, 104, 2381.

Liet al

Table I. ESR Parameters® for Cr(n®-arene)," in
Me, SO solution 25 °C

Uv? L-M
charge-
transfer,
arene A(Hp,) A(%Cr) g nm
C.H, 3.42 18.1 1.9860 340
C.H,CH, 3.46 18.0 1.9865 341
C.H,OCH, 3.72 17.7 1.9872 346
C,H,C,H, 3.44 18.3 1.9853 346
C.,H,COOC,H;, 3.30 18.3 1.9858 345
C,H,CHO 3.25 17.3 1.9863 339
1,3,5-C,H,- 3.54 18.0 1.9860 356
(CH,),
C,H,CHO, 3.23 18.1 1.9856 342
C.H,
C.H,Cl 3.58 18.1 1.9867 342
1,3,5-C.H,- 3.50 18.0 1.9866 359
(i-C3 7)3
C.(CH,), 18.2 1.9867 366

@ The experimental error of 4, :0.02 G, and g, £0.005.
Measured in methanol, error in +1 nm; log ¢ 3.7-4.1 for
the absorption coefficient.

COOC,H;, Cl, and CHO were confirmed by IR spectroscopy.

(2) Physical Measurements. NMR spectra were obtained
by use of a Varian T-60 or a Bruker WM 250 spectrometer.
Benzene-d; and toluene-dg were used as solvents for all the bis-
(arene)chromium(0) compounds in the measurements. Chemical
shifts are relative to internal Me,Si. Variable-temperature 1*C
and 'H NMR spectra were obtained by use of the Bruker WM
250 spectrometer with Me,Si as an internal standard. ESR spectra
were recorded on a E-4 ESR spectrophotometer with a varia-
ble-temperature controller, and DPPH was used as an external
standard. Infrared spectra of KBr pellet samples were obtained
by use of a Perkin-Elmer 457 spectrophotometer at room tem-
perature. Mass spectra were recorded by use of a Finnigan 4000
mass spectrometer (70 eV) with an Incos data system. UV-visible
spectra were recorded by use of a Cary Model 17 spectropho-
tometer. Microanalyses were carried out by Schwarzkopf Lab-
oratory, Woodside, NY.

(3) Crystallographic Data and X-ray Structure Analysis.
A single-crystal was prepared by the slow evaporation in a mixed
solvent of methanol/chloroform at 25 °C. Crystal data: crystals
of C3oHsCrl are triclinic; space group PI; a = 9.988 (3) A, b =
16.199 (3) A, ¢ = 9.479 (2) A, a = 91.08 (2)°, 8 = 106.92 (2)°, v
= 96.33 (2)°, Z = 2, M, = 587.61, peiea = 1.340 g cm 3, popeq = 1.330
g m3, Lattice dimensions were determined by using a Picker
FACS-1 automatic diffractometer and Mo Ka; (A = 0.70926 A)
radiation.

Intensity data were measured by using Mo Ko radiation (260,
= 60°), yielding 8422 total unique data and, based on I > 34(J),
5358 observed data. The data were reduced.”® Atomic scattering
factors, including real and imaginary dispersion corrections, for
Cr, C, and H were calculated from the coefficients in ref 21. The
structure was solved by Patterson methods.”? The final re-
finement by full-matrix least squares®® reduced R, = [ w-
(AF)?/ T wF ¥, the quantity minimized, to 0.037. In the last cycle
no parameters shifted more than 0.21s (non-hydrogen) or 0.37¢
(hydrogen). Secondary extinction effects were investigated and
found to be insignificant.

Results and Discussion

Characterization and Identification. A. Electronic
Spectra. A characteristic UV absorption band at 340 nm

(20) Wei, K. T.; Ward, D. L. Acta Crystallogr., Sect. B 1976, B32, 2768.

(21) “International Tables for X-ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV: Table 2.2B, p 99; Table 2.3.1, p 149.

(22) Patterson, A. L. Z. Kristallogr., Kristallgeom, Kristallphys.,
Kristallchem. 1935, A90, 517.

(28) The major programs used are those of Allan Zalkin (Lawrence
Berkeley Laboratory) and C. K. Johnson’s “ORTEP” (Report ORNL-
3794, Oak Ridge National Laboratory, June 1965).

(24) Prins, R.; Reinders, F. J. Chem. Phys. Lett. 1969, 2, 45.
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Figure 1. UV L-M charge-transfer bands for bis(arene)chro-
mium(1+) in methanol.

for bis(benzene)chromium(I) has been associated with the
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gous bands, assigned by analogy, are listed in Table I for
a series of substituted bis(arene)chromium cations. The
results show that variation of monosubstituents in the ring
has little effect on the UV ligand to metal bands. It is of
interest to note, however, that those bands in bis(1,3,5-
trimethylbenzene)chromium(1+), bis(1,3,5-triisopropyl-
benzene)chromium(1+), and bis(hexamethylbenzene)-
chromium(1+) are a red-shifted by 16-26 nm compared
with the bis(benzene)chromium cation (Figure 1). These
shifts might be due to significant inductive effects from
the increase in the number of electron-donating groups in
the arene ring, since the electronic and resonance effects
differ only slightly in monosubstituted bis(arene)chromium
cations. The evidence of the red-shifts induced by three
or more alkyl substituents in the bis(arene)chromium(I)
compounds can provide a satisfactory interpretation of the
assignment of L-M (e;, — a;,) charge-transfer bands.
B. ESR Spectra. (a) Measured in Me,SO at 25 °C.
The cationic bis(arene)chromium compounds show a de-
crease in the number of hyperfine components with an
increase in the number of substituents, due to the smaller
number of ring protons (I =/,) coupled with the unpaired
electron®?® (Figure 2). The results in Table I indicate that
the ESR parameters for a series of monosubstituted bis-
(n-arene)chromium(1+) in Me,SO are not sensitive to the
nature of substituents. These results are consistent with
the UV bands that show no significant substituent effects
on L-M charge transfer in monosubstituted cationic bis-
(arene)chromium complexes. In view of the ESR spectra

I, | <GP
S <m0
AR,
106
—

A

Figure 2. Isotropic ESR spectra for bis(arene)chromium(1+) in Me,SO at 25 °C.
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Figure 3. Anisotropic ESR spectra for bis(arene)chromium(1+) in CHCl;/DMF (1:1, v/v) at —140 °C.

one finds that a substituent attached to a complexed arene
induced little change in the electron density distribution
in the ring in contrast to the uncomplexed arene radical.

In the ESR spectra, the proton hyperfine constants,
A(H,,) increase with increasing number of alkyl substit-
uents on the arene ring.*® A possible rationalization for
this observation can be made by considering that the
electronic effect is greater when more electron-donating
groups are transmitted to fewer ring protons in contrast
to the effects on five ring protons in monosubstituted
bis(arene)chromium cations. The satellites in the spectra
of bis(arene)chromium cations arise from the %Cr isotope
with a spin I = 3/, (Figure 2). The hyperfine splittings
are calculated from the observed satellites and are about
18 G for all the bis(arene)chromium cations (Table I). All
the g values are close to 1.986 which is less than g values
(~2.003) of uncomplexes substituted benzene radicals.?®

It is generally recognized from several MO calcula-
tions®%24 that overlap of the metal(3d,2) with arene(o, ay,)
results in the delocalization of the unpaired spin over the
ring protons. This lack of sensitivity of ESR A(H,,),
A(%Cr), and g values to the substituents in the mono-
substituted bis(arene)chromium(I) cations leads to the
conclusion that the spin delocalization from Cr(3d,s) to
arene(o, a,,) is approximately equal and is less effective
than the delocalization of the unpaired C,,, electron in the
uncomplexed free arene.? The substituent merely effects

(25) Kaiser, E. T.; Kevan, L. “Radical Ion”; Wiley-Interscience: New
York, 1968; pp 211, 151.

a redistribution of magnetization among these arene pro-
tons.

The substituent effects on the ESR hyperfine constants
are not large in the bis(arene)chromium(I) cations. How-
ever, these data might be related to paramagnetic NMR
measurements which might yield much more useful in-
formation.?

(b) ESR Measured in CHCl;/DMF (1:1, v/v) at -140
°C. The anisotropic ESR spectra of all the substituted
bis(arene)chromium cations studied in a glassy di-
methylformamide/chloroform (1:1) solution consist of two
lines attributed to coupling of the unpaired electron with
the nuclear spin of the protons (I = !/,) and with aniso-
tropic g tensors (g, and g, ) (see Table IT). However, the
observed hyperfine structure was well resolved only for the
bis(benzene)chromium cation and increasingly less well
resolved on passing from (benzene)(benzaldehyde)chro-
mium to the bis(benzaldehyde)chromium to bis(1,3,5-tri-
isopropylbenzene)chromium cations (Figure 3) and implies
that, in the glassy solution, the increase in the number of
substituents prevents molecular rotation from averaging
out the anisotropy. Such hindered rotation has previously
been suggested by the observed lack of resolution in the
ESR spectra of alkyl-substituted bis(arene)chromium
complexes.52¢

(26) (a) Prins, F. A.; Reinder, F. J. J. Am. Chem. Soc. 1969, 91, 4929.
(b) Rettig, M. F. In “NMR of Paramagnetic Molecules, Principles and
Applications”; LaMar, G. N., Horrocks, W. D., Jr., Holm, R. H., Eds,;
Academic Press: New York, 1973; p 217.
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Table II. Anisotropic ESR Data® for Cr(n®-arene),” in DMF/CHCI, (1:1, v/v) Glassy Solution -140 °C

arene Aj(Hay) A|(Hp)  AP(%Cr) A (%Cr) 8 8L
C.H, 3.1 3.6 2.9 25.6 2.0031 1.9786
C.H.CH, 3.0° 3.7 2.6 25.7 2.0051 1.9785
C,H,OCH, 3.5 3.9% 4.8 24.6 2.0055 1.9800
C,H,C.H, 4.7 25.1 2.0025 1.9768
C,H,COOC,H, 2.9 3.5b 4.1 25.4 2.0046 1.9774
C.,H,CHO 2.9 3.4 1.3 25.3 2.0030 1.9793
1,3,5-C,H,(CH,), 2.4 25.8 2.0018 1.9793
C,H.CHO, C,H, 3.0 3.4 2.9 25.7 2.0034 1.9783
C,H,Cl 3.4 3.6° 3.9 25.2 2.0033 1.9800
1,3,5-C,H,(i-C,H,) 3.4 25.3 2.0014 1.9801

¢ The experimental error of A, :0.02 G, and g, +0.0005.

b A values obtained from 4 = 1/s(Ay + 24,).

Figure 5. Stereoview of [1,3,5-CgH;(i-C3H)3]oCr* cation. Hydrogen atoms are omitted for clarity.

In the bis(arene)chromium(I) compounds with small
substituent groups such as H, CHO, Cl, OCHj, and CH,,
the values of A (H,,) and/or A (H,,) can be observed
since the rotation averages out the anisotropy around z
and/or x,y axes. However, the compounds which possess
bulky substituents such as Ph or i-C;H; or have more
substituents on the ring cause the hyperfine lines to be
broadened and no hyperfine structure can be obtained on
z and x,y peaks. All the A;(H,,) and A (H,,) are listed
in Table II.

In the ESR spectra of substituted bis(arene)chromium
cations, the A | (%%Cr) can be evaluated from the observed
8Cr line around the x,y peak. No axial 53Cr hyperfine
structure can be found because it is hidden under the 2z
peak,? but A (*3Cr) still can be estimated from the for-

malism A = 1/,(4, + 24,) and are listed in Table II

In summary, the lack of any significant dependence of
ESR parameters on the ring substituent is not surprising
in view of the small effects of ring substituents on lig-
and-metal charge-transfer bands.

X-ray Structural Study of Bis(1,3,5-triisopropyl-
benzene)chromium(I) Iodide. In the crystal there are
two independent cations (CrCsHye™) and two symmetry
related anions (I") in the unit cell. The stereoscopic view
of two unit cells of Cr([1,3,5-C¢H3(i-CsHy);5],* I along ¢ is
shown in Figure 4. Two chromium atoms are situated in
special positions, (0,0,0) and (1/5,!/5,!/4), and the iodines
are situated in a general position. The four Cr-I distance
are 6.178, 6.266, 6.357, and 6.592 A. Each cation consists
of a chromium(I) atom situated at an inversion center. For
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Table III. Anisotropic Thermal Parameters® and Standard Deviations in Bis(1,3,5-triisopropylbenzene }chromium Iodide
atom B(11) B(22) B(33) B(12) B(13) B (23)
c, 2.6 (1) 2.04 (9) 2.4 (1) 0.31 (7) 0.69 (8) 0.14 (7)
cC, 1.9 (1) 2.6 (1) 2.7 (1) -0.05 (8) 0.74 (8) 0.09 (8)
c, 2.1 (1) 2.6 (1) 2.5 (1) 0.32 (8) 0.60 (8) 0.12 (8)
C, 2.3 (1) 2.6 (1) 2.2 (1) 0.52 (8) 0.68 (8) 0.19 (8)
C. 2.3 (1) 2.5 (1) 2.3 (1) 0.47 (8) 0.87 (8) -0.01 (8)
C, 2.3 (1) 2.4 (1) 2.6 (1) 0.67 (8) 0.65 (8) 0.14 (8)
c, 3.9 (1) 2.5 (1) 2.9 (1) 0.45 (9) 1.2 (1) 0.81 (9)
C, 7.7 (3) 2.4 (1) 5.4 (2) ~0.1(1) 0.2 (2) 0.9 (1)
o 5.4 (2) 4.2 (2) 4.4(2) 0.4 (1) ~0.5 (2) 1.9 (1)
C, 2.0 (1) 3.4 (1) 3.6 (1) 0.42 (9) 0.38 (9) 0.7 (1)
C, 3.2 (1) 5.9 (2) 3.9 (2) ~0.0 (1) ~0.1 (1) ~0.7 (1)
Cy 2.2 (1) 6.2 (2) 5.0 (2) 1.2 (1) 0.8 (1) -0.3(2)
C, 2.3 (1) 4.2 (1) 2.7 (1) 0.86 (9) 1.07 (9) 0.5 (1)
C., 4.0 (2) 4.6 (2) 4.4 (2) 0.4 (1) 2.6 (1) 0.8 (1)
C,, 6.3 (2) 5.0 (2) 5.8 (2) 1.2 (2) 4.2 (2) -0.3 (2)
C.. 2.7 (1) 2.7 (1) 2.4 (1) 0.18 (8) 0.64 (9) 0.26 (8)
C., 2.9 (1) 2.4 (1) 2.7 (1) 0.35 (9) 0.80 (9) 0.63 (8)
C,, 2.5 (1) 2.6 (1) 2.8 (1) ~0.05 (8) 0.79 (9) 0.28 (8)
Co 2.2 (1) 3.2 (1) 3.0 (1) 0.12 (9) 0.61 (9) 0.22 (9)
C,, 3.0 (1) 3.0 (1) 2.7 (1) 0.60 (9) 0.88 (9) 0.15 (9)
C,, 3.2 (1) 2.5 (1) 2.4 (1) 0.28 (9) 0.80 (9) -0.01 (8)
C,, 3.0 (1) 3.1 (1) 2.8 (1) ~0.00 (9) 0.09 (9) 0.30 (9)
Cy 3.7 (2) 5.6 (2) 4.9 (2) 1.4 (2) -0.8 (1) -0.3(2)
C,. 4.5 (2) 5.9 (2) 2.9 (1) -0.0 (2) 0.3 (1) -0.0 (1)
C,. 3.0 (1) 2.8 (1) 4.0 (1) -0.3 (1) 0.6 (1) 0.3 (1)
C.. 4.3(2) 3.5 (1) 4.1(2) -0.6 (1) 0.8 (1) -0.3 (1)
C,, 5.7 (2) 5.4 (2) 4.8 (2) -2.2(2) 1.3 (2) 1.2 (2)
Ciy 3.7 (1) 3.9 (1) 3.5 (1) 1.7 (1) 0.3 (1) -0.2 (1)
C,, 6.0 (2) 3.6 (1) 4.9 (2) 2.2 (1) 1.5 (2) 0.4 (1)
Cs 4.8 (2) 5.9 (2) 8.1(3) 2.4 (2) 2.7 (2) 0.2 (2)
I 6.63 (2) 5.20 (1) 5.87 (2) 0.12 (2) 1.14 (1) 1.03 (1)
Cr, 1.73 (2) 1.95 (2) 1.98 (2) 0.28 (2) 0.62 (2) 0.17 (2)
Cr, 2.26 (2) 2.01(2) 2.27 (2) 0.26 (2) 0.53 (2) 0.27 (2)

¢ Calculated standard deviations are indicated in parentheses.

The temperature factor has the form T =

-2 (H(I)H(J)B(IJ)ASTAR(I)ASTAR(J))/4, where H is the miller index, ASTAR is the reciprocal cell length, and I and J are

cycled 1 through 3.

Figure 6. ORTEP drawing of bis(1,3,5-triisopropylbenzene)chro-
mium(1+) cation.

example, cation 1 contains Cr;, C; to Cy5, and Cy to Cip
and cation 2 contains Cr,, Cig to Cg, and Cyg to Czp. The
normal vectors of the two sets of arene rings form an angle
of ~70°. The detailed conformations of the two cations
are very similar. The stereoview and the ORTEP drawing
of cation 1 are shown in Figures 5 and 6, respectively.
Hydrogen atoms have been omitted for clarity. The an-
isotropic thermal parameters are listed in Table III.
Ring carbons are planar with the maximum deviation
from the ring plane being 0.008 (cation 1) and 0.01 A
(cation 2) (Table VI), and the two ring planes within the
cation are parallel. The average C—C bond distance in the
ring is 1.416 (cation 1) and 1.413 A (cation 2). The average
Cr-C bond distance (1.655 (cation 1) and 1.664 A (cation
2)) is close to the corresponding values of other known
bis(arene)chromium(0) and bis(arene)chromium(I) com-

Table IV. Bond Distance (4)° of
Bis(1,3,5-triisopropylbenzene )chromium(1+)
in Cation 1 and Cation 2

cation 1 cation 2
C,-Cr, 2.185 (0) C,-Cr, 2199 (1)
C,-Cr, 2.167 (1) C,,~Cr, 2.188 (0)
C,-Cr, 2.191 (1) C,~Cr, 2.204 (1)
C,-Cr, 2.165 (1) C,,-Cr, 2.147 (1)
C-Cr, 2.184 (0) C,,-Cr, 2.183 (1)
C,-Cr, 2.170 (0) C,,~Cr, 2.169 (0)
C,-C, 1.416 (4) C,;,-Cie 1.412 (4)
C.-C, 1.410 (3) 2-Cie 1.412 (4)
C,-C, 1.523 (2) C,,-Cy 1.526 (3)
C,-C, 1.414 (2) 15~-C1s 1.414 (3)
C,-C, 1.419 (3) C,—Cs 1.414 (4)
C,,-C, 1.522 (3) C,~Cy, 1.518 (4)
C,-C, 1.416 (4) 207Chs 1.409 (4)
C,-C, 1.417 (2) C,,-Cy 1.413 (4)
C,,-C, 1.511 (3) .~Coo 1.512 (4)
C,~C, 1.512 (4) 23=Css 1.518 (5)
C,-C, 1.515 (4) C,,~C,, 1.532 (5)
C,~Cyp 1.524 (4) 26—Cas 1.514 (2)
C,-C, 1.512 (2) C,,-C, 1.531 (3)

1a~Cis 1.516 (4) Cu;~Cie 1.513 (5)
C~Cis 1.520 (3) C,,Cy 1.528 (5)

¢ BEstimated standard deviations are in parentheses in the
units of least significant digits.

plexes.” 2 The bond distance and bond angles for both
cation 1 and cation 2 are listed in Tables IV and V, re-
spectively. Inspection of Table VI reveals that the orien-
tation of the isopropyl groups in cation 1 is somewhat
different at carbon 3 than at carbons 1 and 5. The de-
viation from the rlng plane for the attached isopropyl
group at carbon 3 is larger [Cy4 (0.17 A), Cy, (1.66 A), Cyy
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Table V. Bond Angle (Deg)® of
[1,3,5-C H,(i-C,H,),],Cr*

cation 1 cation 2
C,C,C, 118.8 (2) C.,C,C,, 118.2 (2)
C,C,C, 119.3(2) C..CiC,, 122.5 (2)
C,C,C, 121.6 (3) C,,C.C,, 119.3 (2)
C,C,C, 121.3(2) C,.C,.C, 121.7 (2)
C,C,C, 118.2 (2) C..CisCys 117.9 (2)
C,C,C, 122.2 (2) C,,C,C,; 119.7 (2)
c,C.,C, 119.3 (1) C,,C,C,, 122.0 (2)
C,C,C, 122.0 (2) C.sC1Cio 122.4 (2)
C,C,C, 118.0 (2) C,,C.Cs, 117.6 (3)
C,C,C,, 122.1 (1) CC.0Co 119.9 (3)
C,C.C,, 119.6 (2) C,,C,0Cus 122.4 (2)
C,C.C, 121.7 (2) C,C,,C, 122.1 (2)
C,C.C, 108.0 (1) C,.C,C,, 114.2 (2)
C.C.,C, 115.0 (2) C.C..C,, 108.8 (2)
C,C.C, 110.4 (4) C,,C,C,, 109.9 (2)
C,C,C,, 107.9 (2) C,sC,:C,, 115.7 (2)
C,C,C,, 114.8 (1) C,.C,C,, 107.4 (2)
C,,C,C,, 110.5 (1) C,C,,C,, 110.3 (3)
C,C,,C,, 115.2 (2) C.CuCo 114.3 (3)
C.,C;C,, 107.8 (2) C,,CC1 108.8 (2)
C.Ci,Cis  110.9(0) C,C,Cy,  110.2(3)

¢ Estimated standard deviations
units of least significant digits.

Table VI. Distance? (&) to the Ring
Plane from the Atoms

}+)

re in parentheses in the

cation 1 cation 2

atom dist to the plane atom dist to the plane

C, 0.003 69 Ci -0.003 52
C, —-0.007 46 C —-0.00302
C, 0.006 22 Cis 0.01180
C, -0.001 35 Cy -0.01415
C, -0.002 32 Cso 0.007 33
C, 0.001 23 C. 0.001 55
Cr, -1.653 96 Cr, -1.66290
C, 0.14378 C,, 0.067 28
C, 1.61376 C.. 1.497 64
C, —-0.465 59 Cs —-0.368 84
Cio 0.173 36 Cis 0.217 49
C, 1.662 29 C;, 1.707 50
C.. —-0.600 28 Cus -0.616 58
Chs 0.12909 Cus 0.13270
C. -0.467 83 C., -0.486 21
Ci 1.60307 Cy 1.61114
¢ Distance (4); sign ‘““~’’ means atoms under the plane;

sign ‘‘+” means atoms above the plane.

(—0.60 A)] compared with values at carbon 1 [C; (0.14 A),
Cs (1.61 A), Cg (_0.47 A)] and carbon 5 [013 (0-13 A), C15
(1.60 A), Cy4 (-0.47 A)]. The interplanar distance between
the two rings in cation 1 is 3.31 A larger than the corre-
sponding value in bis(benzene)chromium jodide (3.18 A).

Organometallics, Vol. 1, No. 9, 1982 1235

There must be considerable steric hindrance between the
isopropyl groups, taking the bond between the ring carbon
and the attached isopropyl carbon ~6° out of the ring
plane. There is a similar conformation for cation 2 (Table
VI). Because of the steric interaction of six isopropyl
groups between two rings, the orientation of cationic bis-
(1,3,5-triisopropylbenzene)chromium with respect to the
isopropyl groups favors the staggered conformer, which is
formed. The stabilization of the staggered conformer is
dominated by steric factors due to the three bulky iso-
propyl substituents in the ring.?’

It is of interest to note the effect of the isopropyl groups
on the internal ring angles. Domenicano and co-work-
ers®® have determined the effects of various substituents
on the internal ring angle of uncomplexed benzene rings.
They gave a general rule in which the ring angles at the
substituted carbon appears to be larger than 120° for
electron-withdrawing groups and less than 120° for elec-
tron-donating groups. The X-ray determination reveals
that the ring angle at the substituted carbon has the av-
erage value of 118.6°, consistent with values observed in
uncomplexed aromatics and consistent with the electron-
donating nature of isopropyl groups. Similar results have
been found with electron-withdrawing substituents in
bis(arene)chromium(0) compounds.!?
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Summary: A mixed metal cluster derived (MMCD) cata-
lyst has been used for the first time in the selective car-
bonylation of aromatic nitro derivatives to give iso-
cyanates. The MMCD technique offers the potential of
precisely defining the size and composition of the metallic
particles deposited on the catalyst support.

The carbonylation of aromatic nitro derivatives (eq 1)
is a reaction of great industrial relevance, since it repre-
sents a way to aromatic isocyanates.!

Ar-NO, + 3CO — Ar-NCO + 2CO, (1)

This reaction is also of academic interest since the de-
tailed reaction mechanism(s) is (are) not yet well under-
stood.? Various homogeneous® and heterogeneous* cata-
lysts have been reported for this reaction, but improve-
ments are still highly desirable. Palladium-based catalysts
appear to be the most selective, and the combination
PdCl,/pyridine has been extensively studied.'® It also has
been determined that addition of, e.g., MoOj, V2b05, or
FeCl, greatly increases the yield of isocyanates,'™® but
MoQj; alone, for example, has a high activity but poor
selectivity (see Table I, experiment 2).

These heterogeneous catalysts usually are dispersed on
highly divided inorganic oxides, and it is well recognized
that in such systems an exact knowledge of both size and
composition of the metallic particles is not easily gained.

(1) (a) U.S. Patent 3576 835; Chem. Abstr. 1969, 71, 80911; German
Patent DE1815517. (b) U.S. Patent 3719699; Chem. Abstr. 1972, 77,
114022; German Patent DE 2165 355. (¢) U.S. Patent 3737 445; Chem.
Abstr, 1969, 71, 123894; German Patent DE 1901 202.

(2) Weigert, F. J. J. Org. Chem. 1973, 38, 1316.

(8) (a) U.S. Patent 3636 028; Chem. Abstr. 1970, 72, 21477; German
Patent DE 1909190. (b) U.S. Patent 3637 786; Chem. Abstr. 1970, 73,
109478; German Patent DE 2005811. (c¢) French Patent 2017 317; Chem.
Abstr. 1970, 72, 132289; German Patent DE 1944 747. (d) French Patent
2222363 Chem. Abstr. 1975, 82, 3958; German Patent DE 2413 962.

(4) (a) Hardy, W. B.; Bennett, R. P, Tetrahedron Lett. 1967, 961. (b)
Patent 1257932; Chem. Abstr. 1970, 72, 66595; German Patent
DE1932211.

(5) Nefedov, B. K.; Manov-Yuvenskii, V. I.; Chimishkyan, A, L.;
Englin, V. M. Kinet. Katal. 1978, 19, 1065.

(6) Whyman, R. In “Transition Metal Clusters”; Johnson, B. F. G.,
Ed.; Wiley: New York, 1980; Chapter 8.
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Furthermore, difficulties are sometimes encountered in
reproducing such catalysts.

These observations have led us to prepare and investi-
gate a “mixed metal cluster derived” (MMCD) catalyst.
In this way, we hoped to improve the catalytic properties
by synergic interactions between adjacent metal centers’
and to improve our control of the size and composition of
the metallic particles. These would be obtained by im-
pregnation of a known molecular mixed-metal cluster onto
an inorganic support and subsequent thermal removal of
the ligands under carefully controlled conditions. Ideally,
the reduction of supported molecular MMC could produce
metal aggregates of precisely defined composition. This
clearly cannot be done by reductive deposition from ho-
mogeneous solutions of two or more metal compounds.

In view of the interesting results disclosed mainly in the
patent literature'®® concerning catalysts prepared by si-
multaneous deposition of palladium and molybdenum, we
chose as the MMCD catalyst precursor the easily prepared
and stable heterotetrametallic Pd,Moy(5*-C5H;)5(CO)-
(PPhg), cluster.’® To the best of our knowledge, this
represents the first utilization of a mixed-metal cluster
containing palladium as catalyst or catalyst precursor. We
summarize in Table I the results obtained with this
MMCD catalyst for the carbonylation of nitro derivatives.
It offers the advantages of high activity and high yield of
isocyanate under conditions sufficiently mild to preclude
decomposition, and it thus could be of potential com-
mercial significance.

For our initial investigations, two types of MMCD
catalyst preparations were examined: (i) vy-Al,O; was
poured under nitrogen into a CH,Cl, solution of the
cluster, the mixture stirred, and the solvent removed under
vacuo (experiments 6 and 7); (ii) y-Al,0O; was placed in a
rotating evaporator and the CH,Cl, solution of the cluster
continuously sprayed over under constant agitation,
evaporation of the solvent occurring simulataneously in
vacuo (experiment 8). In both cases, the impregnated
support, once dried, was heated at increasing temperature
(2 °C/min) under nitrogen. After 16 h at 300 °C, the
catalyst was treated with H, and then placed under ni-
trogen. The catalyst then was transferred into the reactor.
The quantities used in each experiment are given in Table
I. For comparison, these same modes of impregnation, i.e.,
immersion (i) or spray (ii), were applied to “conventional”
heterogeneous catalysts which were prepared from equi-
molar ratios of palladium acetate and ammonium molyb-
date in H,O/NH,OH solutions (experiments 4 and 5) and
treated as above. In all our experiments, the mixed cat-

(7) Sinfelt, J. H. Acc. Chem. Res. 1977, 10, 15; Science (Washington,
D.C.) 1977, 195, 641.

(8) (a) U.S. Patent 3823 174; Chem. Abstr. 1975, 82, 4750. (b) U.S.
Patent 4207 212; Chem. Abstr. 1980, 93, 150873.

(9) This cluster is analogous to Pd,;Moy(n5-CsH;)o(CO)g(PEts),: Ben-
der, R.; Braunstein, P.; Dusausoy, Y.; Protas, J. Angew. Chem., Int. Ed.
Engl. 1978, 17, 596; and was prepared in a similar way, using Pd-
(PPh3),Cl; instead of Pd(PEt,),Cl,.

© 1982 American Chemical Society
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alyst contained between 2.5 and 3% Pd and Mo. Pyridine
was added in all our experiments in view of its favorable
role in this reaction.!®

Supported palladium was found to be inactive for 1.2
h (experiment 1), whereas MoO; (in the form of molybdic
acid) displayed high activity but low selectivity (experi-
ment 2). Addition of MoOj to supported Pd gives a cat-
alyst of high activity and medium yield (experiment 3).
In contrast, simultaneous deposition of Pd and Mo on the
support improves the yield and maintains the high activity
(experiments 4 and 5). But the best results were obtained
with the MMCD catalyst (experiments 6-8). Improved
yields were generally observed when the spray impregna-
tion method (ii) was used, probably because of better
dispersion of the catalyst precursor.!! Both the activity
and the selectivity of our catalyst are retained on repeated
usage (experiment 8a).

For comparison we have also run the reaction with the
well-known PdCl,/pyridine/MoQj; catalyst (experiment
9).1038 With this high-yield system, catalyst recovery is
very difficult since everything appears soluble after the
reaction, though PdCl, and MoQO; were insoluble before
the reaction. With this catalyst system we have made the
important observation that when the reactor is emptied
of its contents and recharged with reactants but no cata-
lyst, catalytic activity if found (experiment 10). This im-
plies that metal-containing materials were deposited on
the walls of the reactor during experiment 9 and that, in
fact, this so-called “homogeneous” catalyst'? may well have
an heterogeneous component.’®* Only 25-50% of the
palladium introduced was found in the solution. However,
it is not separable from the polymeric reaction byproducts
which represent ca. 20% of the selectivity, and thus, it
cannot be recycled. By contrast, with the MMCD catalyst
no detectable quantities of metals appear in the product
solution or on the walls of the reactor. As a result, es-
sentially all the MMCD catalyst is easily recoverable.

Our MMCD catalyst overcomes the usual inverse rela-
tionship between catalytic activity and selectivity. The
use of a neutral MMC such as Pd;Moy(55-C;H;),(CO)g-
(PPhy), soluble in organic solvents and containing metals
in low oxidation states should be of general interest since
(i) they avoid the dramatic redox processes which are ex-
pected to take place during cluster deposition and acti-
vation (processes which might lead to undesirable molec-
ular or particle rearrangements, or support modifications)
and (ii) cleaner water- and halide-free!* catalysts become
available. We believe that comparative studies, under
similar reaction conditions, between “conventional” and
MMCD catalysts will improve our knowledge of bimetallic
catalysis in general and reveal some unique features of
carefully prepared MMCD catalysts. Such further studies
are in progress.

Registry No. PhNO,, 98-95-3; PhNCO, 103-71-9; Pd;Mo,-
(ns-C5H5)2(CO)5(PPh3)2, 58640-56-5.

(10) (a) U.S. Patent 3903 125; Chem. Abstr. 1975, 82, 72629; Japanese
Patent Kok. 74/92041. (b) Nefedov, B. K.; Manov-Yuvenskii, V. L. Izv.
Akad. Nauk SSSR, Ser. Khim. 1977, 2597.

(11) Preliminary surface studies of the catalyst by scanning electron
microscopy indicate indeed better dispersion for the MMCD than for the
conventional catalyst. Microprobe examination of the MMCD and si-
multaneously impregnated catalysts reveals the presence of both Pd and
Mo in the particles of each.

(12) Unverferth, K.; Héntsch, R.; Schwetlick, K. J. Prakt. Chem., 1979,
321, 86.

(13) This observation is of particular importance when consecutive
catalytic tests are carried out in the same reactor.

i (14) Metal halides are notoriously corrosive, leading to short reactor
ifetimes.
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Summary: The synthesis of five-coordinate organo-
arsenic catecholates, with substitution of 3-CH;, 4-
CH,OC(=0); 4,5-C¢H,, and 3,3'-C(—O)NH(CH,) ,NHC(=
0) groups on the catechol ring and CH, or Ph on arsenic,
was performed. These reactions provided new insight
into the structures and stereochemistry of these organo-
arsenic compounds. In one case, 3-methylcatecholate
of phenylarsonic acid, a single-crystal X-ray analysis
provided unequivocal evidence for cis stereochemistry of
the methyl groups on the catechol rings, an essentially
rectangular-pyramidal configuration around arsenic, and
a preferred conformation of the phenyl group in relation
to the oxygens surrounding the arsenic atom.

Recently, we have been investigating the speciation or
molecular characterization of organoarsenic compounds
thought to be present in biogeochemical materials such as
oil shale kerogen and the products of the pyrolysis of oil
shale kerogen, those of the shale oils, and the retort
waters.!#? These studies led to the identification, for the
first time, of methyl- and phenylarsonic acids in these
precursors and products.

In view of these discoveries, we have initiated studies
to find innovative methods for the removal of these com-
pounds and other organometallics from fossil fuel products.
In this regard, we have been experimenting with a method
that utilizes substituted catechols as potential ligands that
could be placed in a polymeric matrix for the future re-
moval of organoarsenic compounds from the above-men-
tioned products.

Surprisingly, we found very few references on the re-
actions of catechols with alkyl- or arylarsonic acids?** and
none on similar reactions with substituted catechols.?
Thus, in this paper, we present our initial results on the
synthesis, structural elucidation, and stereochemistry of
the five-coordinate organoarsenic catecholates we prepared
as model compounds for the above-mentioned purposes.

Chart I shows the catechols 1-4 we utilized in the re-
actions with methyl- or phenylarsonic acid, 5 or 6. Com-
pound 1 reacts with either 5 or 6 to provide a mixture of
cis and trans five-coordinate organoarsenic catecholates
7-10 (eq 1).

Compounds 7-10 were characterized by a combination
of nuclear magnetic resonance spectroscopy (NMR), mass

(1) (a) Fish, R. H.; Brinckman, F. E.; Jewett, K. L. Environ. Sci.
Technol. 1982, 16, 174. (b) Weiss, C. S.; Brinckman, F. E; Fish, R. H,,
Proceedings on Environmental Speciation of Trace Metal-Containing
Compounds in Energy-Related Processes, May 18-20, 1981, Gaithersburg,
MD. NBS Spec. Publ. (U.S.) 1981, 618, 197.

(2) (a) Salmi, E. J.; Merivuori, K.; Laaksonen, E. Kemistilehti Suomen
1946, 19B, 102 (Chem. Abstr. 1946, 41, 5440a). (b) Bacher, J. H.; Van
Oosten, R. P.; Recl. Trav. Chim. Pays-Bas 1940, 59, 41. (c) Englund, B.
Chem. Ber. 1926, 59, 2669. (d) Sau, A. C.; Holmes, R. R. J. Organomet.
Chem. 1981, 217, 157. (e) Wieber, M.; Eichhorn, B.; Gotz, J. Chem. Ber.
1973, 106, 2738. (f) Maroni, P.; Holeman, M.; Wolf, J. G.; Richard, L.;
Fischer, J. Tetrahedron Lett. 1976, 1193,

(3) Fish, R. H.; Weitl, F. L., Proceeding of the Tenth International
Conference on Organometallic Chemistry, Toronto, Canada, Aug 9-14,
1981, Abstract 1D12, p 62.
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(1) (a) Fish, R. H.; Brinckman, F. E.; Jewett, K. L. Environ. Sci.
Technol. 1982, 16, 174. (b) Weiss, C. S.; Brinckman, F. E; Fish, R. H,,
Proceedings on Environmental Speciation of Trace Metal-Containing
Compounds in Energy-Related Processes, May 18-20, 1981, Gaithersburg,
MD. NBS Spec. Publ. (U.S.) 1981, 618, 197.

(2) (a) Salmi, E. J.; Merivuori, K.; Laaksonen, E. Kemistilehti Suomen
1946, 19B, 102 (Chem. Abstr. 1946, 41, 5440a). (b) Bacher, J. H.; Van
Oosten, R. P.; Recl. Trav. Chim. Pays-Bas 1940, 59, 41. (c) Englund, B.
Chem. Ber. 1926, 59, 2669. (d) Sau, A. C.; Holmes, R. R. J. Organomet.
Chem. 1981, 217, 157. (e) Wieber, M.; Eichhorn, B.; Gotz, J. Chem. Ber.
1973, 106, 2738. (f) Maroni, P.; Holeman, M.; Wolf, J. G.; Richard, L.;
Fischer, J. Tetrahedron Lett. 1976, 1193,

(3) Fish, R. H.; Weitl, F. L., Proceeding of the Tenth International
Conference on Organometallic Chemistry, Toronto, Canada, Aug 9-14,
1981, Abstract 1D12, p 62.

© 1982 American Chemical Society





Communications

ro - &

oH ol p Q
A \, \
RAs(OH), + 2 - AS + +3H,0 (D)
lcl)s 2 @iw CeMs @Eo ‘o]@ O’A{)I()P 2
CH3 5h CHj CHa CHy
g R=CHy crs trans
R=ph 7-10

spectrometry (MS), infrared spectroscopy (IR), and ele-
mental analysis.* The 250-MHz 'H NMR spectrum
provided definitive evidence that compound 1 reacted with
either 5 or 6 to give a mixture of cis and trans isomers (7
and 8, R = CHj,, and 9 and 10, R = Ph). Thus, compounds
7 and 8 showed two methyl resonances (catecholate ring)
at 2.21 and 2.19 ppm (benzene-dg, Me,Si) and two methyl
resonances for groups bonded to arsenic at 1.33 and 1.32
ppm in the ratio of 53:47. The corresponding cis and trans
compounds 9 and 10, where R = Ph, had methyl reso-
nances at 2.26 and 2.12 ppm (benzene-dg, Me,Si) in the
ratio of 90:10. The complexity of the phenyl region at 250
MHz did not allow a separation of catecholate protons and
phenylarsenic protons, and thus the 'H NMR spectrum
was obtained at 400 MHz. The 400-MHz 'H NMR spec-
trum of 9 and 10 (benzene-dg, Me,Si) showed resonances
at 7.81 (d, J = 8.3 Hz), 6.83 (m), and 6.74 ppm (overlapping
triplets, J = 8.3 Hz) for the phenylarsenic protons in the
ratio of 2:1:2. The catecholate protons were found at 6.56
(doublet of doublets, J 1, = 7.8 Hz, J ., = 1.4 Hz), 6.65
(overlapping triplets, J = 7.8 Hz), and 6.93 (t, J = 7.8 Hz)
and the methyl groups at 2.24 ppm (s) in the ratio of
2:2:2:6. The complexity of the phenyl region, where pro-
tons on the phenyl group attached to arsenic appeared to
be all nonequivalent, provided tentative evidence for the
cis isomer, 9, rather than the trans isomer, 10, as the major
product in this reaction.

In order to unequivocally ascertain the stereochemistry
of the major isomer, either 9 (cis) or 10 (trans), we obtained
a single-crystal X-ray analysis.> Figure 1 shows the ORTEP
drawing of the major isomer 9 with the methyl groups
clearly cis to each other and the geometry around the
arsenic, essentially rectangular pyramidal (95%), while the
axial phenyl group is twisted so that it lies in the same
plane as oxygen 2 and oxygen 3. The angle between the
carbons 1 through 6 on the phenyl group attached to ar-
senic and the oxygen—arsenic-oxygen plane is 4.7°. (See
Table I for pertinent bond angles and lengths.f) Recently,
Day et al.” reported on the crystal structure of a product

(4) All new compounds we report had elemental analyses (C, H, N)
within 2£0.5% of theory. The EIMS, IR, and NMR spectra for all com-
pounds supported their structures.

(5) Crystal data for 9: space group P1, a = 9.3734 (8) A, b = 9.3823
(12) A, ¢ = 11.3718 (15) A, « = 69.433 (10)°, 8 = 70.809 (9)°, v = 72.631
(8)°, V = 865.7 (2) A3, at 25 °C, formula weight 396.28 amu, Z = 2,d =
1.52 g/em?, p = 19.76 cm™, size 0.21 X 0.33 X 0.37 mm. Data were
measured in the hemisphere +hxka[, 20 < 45°, by using monochroma-
tized Mo Ka radiation (A = 0.71073 A) and a 6-20 scan mode. The
structure was solved by Patterson and Fourier Techniques and refined
via normal least-squares procedures: R = 3.47% and R, = 5.49% using
2047 of 2242 reflections with F? > 3a(F%); weights were proportional to
072 (F) esd’s with an error factor of 0.03. The crystals of 9 were grown
in a solvent mixture of carbon disulfide and pentane (1:1) by slow evap-
oration. A full account of the structural parameters for 9 will be given
in a future paper.

(6) Several other X-ray studies on five-coordinate organoarsenic gly-
colate and catecholate derivatives have been done. However, in both
cases a distorted rectangular-pyramidal configuration around arsenic
(60-75% RP) was found and no stereochemical characterization was
attempted; i.e., substituted catechols were not used. (See: Goldwhite,
H.; Teller, R. G. J. Am. Chem. Soc. 1978, 100, 5357. Wunderlich, H. Acta
Crystallogr., Sect. B 1978, B34, 1000.) See: Holmes, R. R.; Deiters, J.
J. Am. Chem. Soc. 1977, 99, 3318 for idealized angles for square-pyram-
idal, rectangular-pyramidal, and trigonal-bipyramidal structures and
methods of analysis. Using the angle deviation analysis method of
Holmes and Deiter, we find a minimum deviation sum for the rectangu-
lar-pyramidal structure of 11.2° (~95% distortion from trigonal bipy-
ramidal toward rectangular pyrimidal) for compound 9.
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Chart I. Catechols Used in the Synthesis of
Five-Coordinate Organoarsenic Catecholates

©:0H Cr50G o
0

CHs

Figure 1. ORTEP diagram of cis-(3-CH3CgH30,),AsCgHs, 9,
showing 50% probability ellipsoids.

Table 1. Selected Bond Lengths (&) and
Angles (Deg) for cis-(3-CH,C,H,0,),AsC H,, 9¢

Bond Lengths

As-0O, 1.806 (1) C,-0, 1.365 (3)
As-0O, 1.799 (2) C.-0, 1.370(3)
As-0O, 1.784 (2) C,-0, 1.413(3)
As-0O, 1.825 (2) C,-0, 1.345(3)
As-C, 1.899 (2) C,C, 1.474 (4)
C,-C, 1.410 (4)
Bond Angles
0,-As-0, 87.93(7) 0O,-As-C, 105.5(8)
0,-As-0, 85.43 (7) 0,-As-C, 104.99 (9)
0,-As-O, 150.84(9) O;-As-C, 105.12 (9)
0,-As-0, 149.85(9) O,-As-C, 103.59(9)
0,~As-0, 82.71(8) As-0,-C, 111.12(13)
0,~As-0O, 88.95 (9)

¢ Estimated standard deviations in parentheses.

from the reaction of phenylarsonic acid and catechol.?
This five-coordinate organoarsenic catecholate was also
found to have a rectangular pyramidal geometry around
arsenic.” Our study represents the first stereochemical
assignment to be made on a five-coordinate organoarsenic
catecholate and has implications in the mechanism of
formation of these compounds, which will be discussed in
a future full account of this work.

Compound 2 reacted with 5 to provide a compound, 11,
with a single methylarsenic resonance at 1.92 ppm (*H, 250
MHz, Me,SO-dg, Me,Si) and a single methoxyl resonance
at 3.78 ppm and is indicative of one isomer, which we
presume to have cis stereochemistry as in 9. Compound
2 also reacts with 6 to provide a mixture of compounds,
12 and 13, with two methoxyl signals (*H, 250 MHz,
Me,S0-dg, Me,Si) at 3.76 and 3.74 ppm in the ratio of 95:5.

(7) Day, R. O.; Holmes, J. M,; Sau, A. C,; Devillers, J. R.; Holmes, R.
R.; Deiters, J. A. J. Am. Chem. Soc. 1982, 104, 2127.
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Again, as with 11, we presume cis stereochemistry for the
major isomer. Compound 3, a benzo-substituted catechol,
reacted with 5 or with 6 to give the five-coordinate orga-
noarsenic compounds 14 and 15, respectively. While no
stereochemistry is involved in the formation of either 14
or 15, it is important to note that substitution on the
naphthyl ring is certainly possible for future attachment
of this type of compound to a polymeric backbone. The
pertinent 'H NMR data (250 MHz, Me,SO-d;, Me,Si)
provided an upfield shift, as with the NMR spectra of
compounds 7-13, for the catechol ring protons of 14 and
15 when compared to 3. Thus, 14 had the catechol protons
(singlet) at 7.09 ppm, 15 catechol protons at 7.10 ppm, and
3 catechol protons at 7.12 ppm, indicative of the arsenic
atoms influence on shifting, to higher fields, protons on
catechol rings. A similar NMR result was obtained by
Raymond et al.2 for some gallium and rhodium catecholate
complexes.

Our final ligand of interest, 4,° was important to study,
since it represented a model for a recently reported poly-
mer of potential use for our future applications.’® We
chose 4 (4-LICAM) after making Dreiding models that
clearly showed the central cavity being able to accommo-
date an arsenic atom (~3.58-3.63 A, see Figure 1). Re-
action of 4 with either 5 or 6 provided the intramolecular
five-coordinate organoarsenic derivatives 16 and 17 (eq 2).

R
A o\l ’

4 +50r6 ——= M
THF ¢ N

5h
CrN-Crgl -t
oM "o

+ 3H,0 (2}

16 R = CHy
I7 R=Ph

The 250-MHz 'H NMR and 70-ev MS (solid probe) data
were consistent with the structures assigned. Notably, the
mass spectra provided the parent ion and an ion resulting
from a loss of the catechol group with a carbonyl attached.
This was followed by a fragmentation of the -CH,CH,NH
groupings. For example, with 17 the MS ions of interest
were the following: m/e 508 (M*), 373 (M — C;H3N,0y),
331 (M - CQH8N03), and 287 (M - CquaNgOa).

A typical procedure for the preparation of a five-coor-
dinate organoarsenic catecholate derivative is described
as follows for 9.

In a 50-mL flask, equipped with condenser, drying tube,
and Dean-Stark trap for water removal, was placed 1.05
g (5.21 mmol) of phenylarsonic acid and 1.29 g (10.42
mmol) of 3-methylcatechol (freshly sublimed) in 30 mL
of benzene. The reaction mixture was refluxed for 5 h.
The benzene was removed on a rotary evaporator and the
compound recrystallized from carbon tetrachloride/
methanol and dried under vacuum to give 1.88 g (91%
yield) of 9: mp 134-135 °C; EIMS (70 eV, solid probe) m/e
396 (M*), 274, 197, 151, 106.1!  Anal. Caled for
CyH,;;0,As: C, 60.6; H, 4.3. Found: C, 60.39; H, 4.46.

In future experiments, we hope to place several of our
catechol derivatives in polymeric backbones to see if their

(8) Mcardle, J. V.; Sofen, S. R.; Cooper, S. R.; Raymond, K. N. Inorg.
Chem. 1978, 17, 3075.

(9) The series of LICAM derivatives of increasing methylene chain,
2-6, were prepared according to the procedures of Dr. F. L. Weitl (cf.
Weitl, F. L.; Raymond, K. N. J. Am. Chem. Soc. 1980, 102, 2289).

(10) Dawson, M. I.; Chan, R. L.-S.; Clousdale, 1. S.; Harris, W. R.
Tetrahedron Lett. 1981, 22, 2739.

(11) We have used this procedure to derivatize both methyl and
phenylarsonic acid, § and 6, that had been isolated from a Green River
oil shale kerogen by extraction with methanol. Since 7 and 9 can be
chromatographed on a 30-m fused silica capillary column (OV101), the
use of GC-MS will enhance the utility of these organoarsonic acid de-
rivatives for other applications. Fish, R. H.; Tannous, R. S.; Weiss, C.
S.; Brinckman, F. E., in preparation.

reactivity remains in reactions with organoarsonic acids.
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Summary: 1-(Trimethyisilyl)- 1-(phenylthio)ethylene and
1-{trimethylsilyl}-2-(phenylthio)ethylene on treatment with
cyclopentene-1-carbonyl chloride, in the presence of a
Lewis acid, gave 4-(phenylthio)- and 1-(phenylthio)bicy-
clo[3.3.0]oct-3-en-2-one, respectively.

Vinylsilanes are one of the more useful functionalized
organosilicon reagents, since they undergo regiospecific
electrophilic substitution reactions.! This is a direct
manifestation of the so-called 8 effect, where the buildup
of electrophilic character 8 to the C-Si bond is stabilized,
provided the developing electrophilic 2p, orbital is the
same plane as the C-Si ¢ bond.?

*Part of this work was carried out at the Ohio State University,
Columbus, Ohio 43210.

(1) For leading references to the electrophilic substitution reactions
of vinylsilanes see: Chan, T. H.; Fleming, I. Synthesis 1979, 761. Magnus,
P. Aldrichimica Acta 1980, 13, 41.

(2) Jarvie, A. W. P. Organomet. Chem. Rev., Sect. A 1970, 6, 153.
Cooke, M. A.; Faborn, C.; Walton, D. R. M. J. Organomet. Chem. 1970,
24, 301. Traylor, T. G.; Berwin, H. J.; Jetkunica, J.; Hall, M. L. Pure
Appl. Chem. 1972, 30, 599.
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Again, as with 11, we presume cis stereochemistry for the
major isomer. Compound 3, a benzo-substituted catechol,
reacted with 5 or with 6 to give the five-coordinate orga-
noarsenic compounds 14 and 15, respectively. While no
stereochemistry is involved in the formation of either 14
or 15, it is important to note that substitution on the
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chose 4 (4-LICAM) after making Dreiding models that
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Vinylsilanes are one of the more useful functionalized
organosilicon reagents, since they undergo regiospecific
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manifestation of the so-called 8 effect, where the buildup
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Communications

Another class of heterosubstituted alkenes which have
engendered much recent interest in synthesis are aryl (or
alkyl) thioalkenes.? The polarization of thioalkenes directs
electrophiles 8 to the sulfur, opposite to the situation for
vinyltrialkylsilanes.

'SiMe, 'SPh

Combining both vinylsilane and vinyl sulfide functional
groups, with their opposed polarization, would produce
somewhat unpredictable and interesting electrophilic
chemistry.* Here we report some acylations of tri-
methylsilyl-substituted thioalkenes, directed toward syn-
thesizing functionalized cyclopentenones that eventually
might be viable reactions for convergent syntheses of cy-
clopentenoid natural products.

Cyclopentene-1-carbonyl chloride (2, R = H) in
CH,C),/CICH,CH,Cl] was treated with AgBF,, at —60 °C,
followed by 1-(trimethylsilyl)-1-(phenylthio)ethylene (1,
X = Ph)5 for 1 h. Warming the above mixture to 20 °C

o
Me,Si \”/sx R <l aghF, R R >@)Lsx
+ — +
R R R
1 2 3 X 4

gave, after 14 h, 4-(phenylthio)bicyclo[3.3.0]oct-3-en-2-one
(3, R = H, X = Ph) in 35-45% yield.® Using other Lewis
acids such as SnCl,, TiCl,, BF;-OEt, and AlCl; gave none
of the desired product 3 but only the thioester 4 (R = H,
X = Ph). The blank reaction using the same conditions
that gave 3, except 1 (X = Ph) was replaced by phenyl
vinyl sulfide, gave none of the bicyclic enone 3, thus dem-
onstrating the necessity for the trimethylsilyl substituent.
The structure of 3 (R = H, X = Ph) was confirmed by
treatment with MelLi, followed by a mercuric ion assisted
hydrolysis (HgCl,/HgO/THF/H;0%) to give 4-methyl-
bicyclo[3.3.0]oct-3-en-2-one (5, R = H) in 90% yield.”
Similarly 1 (X = Ph), on treatment with 2 (R = Me) in
the presence of AgBF,, gave 3 (R = Me, X = Ph) in 38%
yield on a 2-g scale.® Treatment of 3 (R = Me, X = Ph)

1) Meli
2) HgCl,/HgO/H,0* R

(3) Trost, B. M.; Tanigawa, Y. J. Am. Chem. Soc. 1979, 101, 4743.
Trost, B. M.; Tanigawa, Y. Ibid. 1979, 101, 4413 and references cited
therein.

(4) Dr. David Ager (University of Liverpool) is thanked for sending
us a preprint concerning the acylation chemistry of 1 (X = Ph), in which

AIci
— = RO siMe,

0

1{x=Ph) - RCOCI

the adducts (i) are formed, in keeping with Scheme I, proceeding via 6:
Tetrahedron Lett., 1982, 23, 1945. See also: Hase, T. A.; Lahtinen, L.
Ibid. 1981, 22, 3285.

(5) The reagents 1 (X = Ph etc.) were described by: Cooke, F.;
Moerck, R.; Schwindeman, J.; Magnus, P. J. Org. Chem. 1980, 45, 1046.
For a recent example of a silicon-directed Nazarov cychzatlon see:
Denmark, S. E.; Jones, T. K. J. Am. Chem. Soc. 1982, 104, 2642.

(6) Anal. Calcd for C;(H;,0S: C,73.04; H, 6.09. Found: C, 72.79; H,
6.16. NMR (CDCly): 5 1.0-1.9 (6 H, m), 2.3-2.7 (1 H, m), 2.8-3.3 (1 H,
m), 5.10 (1 H, 8), 7.0-7.5 (6 H, m).

(7) NMR (CC),): é1.0-1.9 (6 H, m), 1.90 (3 H, 8), 2.25-2.60 (1 H, m),
2.65-3.00 (1 H, m), 5.60 (1 H, b s). MS: CyH,;,0 requires m/e 136.088;
found m/e 136.089.
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Scheme 1
@J : ~@Jl @Jl
Me,Si Me si MeSI
SX MeSl
6a
(LA=Ag or BF,) §

with MeLi/Et,0 at -78 °C, followed by hydrolysis, gave
the bicyclic enone 5 (R=Me) in 93.5% yield. The enone
5 (R = Me) has found extensive use in the synthesis of
cyclopentenoid natural products but was only available by
lengthy routine procedures.®

While this is a very direct and convergent method of
annulating a functionalized cyclopentenone ring onto an
a,B-unsaturated acid chloride, the yields are only moderate,
although fairly typical of Nazarov electrocyclic-type pro-
cesses.’® In an effort to improve the yields we examined
other derivatives of 1. While the (methylthio)- and
(tert-butylthio)-1-(trimethylsilyl)ethylenes (1, X = Me and
t-Bu, respectively) gave no useful results, we concluded
that a substituent attached to sulfur that would decrease
the availability of electron density on sulfur and conse-
quently suppress the formation of thioester byproducts was
needed. To test this hypothesis, the reagent 1-(tri-
methylsilyl)-1-(2,4-dinitrophenyl)thio)ethylene 1, X =
CgH3-2,4-(NO,),1° was treated with 2 (R = H) with use of
the same conditions (AgBF,/CH,Cl,/CICH,CH,CI) to give
3 (R = H, X = CgH;-2,4-(NO,),] in 58% yield.!! Unfor-
tunately we were unable to add MeLi, MeMgBr, or
Me,Culi to 3 [R = H, X = C;H,-2,4-(NO,),] or carry out
any mercuric ion assisted hydrolysis to give 8-diketones.
The reagent 1-(trimethylsilyl)-1-((4-chlorophenyl)thio)-
ethylene (1, X = C;H,;-4-Cl) gave 3 (X = C;H,-4-Cl) in only
15% yield. A plausible mechanistic interpretation of these
annulations is outlined in Scheme I.

The first phase of the reaction is dominated by the
nucleophilicity of the thio—enol ether functionality, leading
to the dienone 6.* Conrotatory cyclization (Nazarov re-
action)!® via the pentadienyl cation 6a to the oxyallyl
cation 6b places the trimethylsilyl group in the same plane
as the empty 2p, orbital. Consequently the oxyallyl cation
6b is stabilized by the trimethylsilyl group (8 effect) and
subsequently eliminates the SiMe, group to give the diene
6c, which on protonation gives the cis-fused 4-(arylthio)-
cyclopentenones 3.

In terms of stabilization of cationic character, the tri-
methylsilyl group and the thioaryl group in the reagents

(8) Anal. Caled for C;¢H,40S: C, 74.42; H, 6.98. Found: C, 74.73; H,
7.27. NMR (CDCly): ¢é 0.86 (8 H, s), 0.90 (3 H, s), 1.0~1.85 (4 H, m),
2.70-3.10 (1 H, m), 3.20-3.50 (1 H, m), 5.17 (1 H, s), 7.1-7.5 (5 H, m).

(9) Fex, T.; Froberg, J.; Magnusson, G.; Thorén, S. J. Org. Chem. 1976,
41, 3518. Ohfune, Y.; Shirahama, H.; Matsumoto, T. Tetrahedron Lett.
1975, 4377. Miyano, K.; Ohfune, Y.; Azuma, S.; Matsumoto, T. Ibid. 1974,
1545. Paquette, L. A.; Farkas, E.; Galemmo, R. J. Org. Chem. 1981, 46,
5434.

(10) Nazarov, N. L; Zaretskaya, I. I. Zh. Obshch. Khim. 1957, 27, 693.
See also ref 5.

(11) Melting point: 124-125 °C (from benzene/hexzane). Anal. Caled
for C(HoN,O6S: C, 52.50; H, 3.75. Found: C, 52.80; H, 3.87. NMR
(CDCl3): 61.8(6H,bm),2.92 (1 H,bm), 345 (1 H,bm), 583 (1 H,s),
788(1H,d,J=9Hz),840(1H,q,J =9and 3 Hz),882(1H,d,J =
3 Hz).
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Figure 1. ORTEP drawing.

1 are opposed to one another and are not in electronic
concert. Consequently a reagent based upon Si and S
substituents that work together (both stabilize the buildup
of electrophilic character) should accomplish the above
annulation reaction.

(Trimethylsilyl)acetylene and thiophenol (1:1) were ir-
radiated to give 1-(trimethylsilyl)-2-(phenylthio)ethylene
(7) in 98.8% vyield.!? Treatment of 2 (R = H) with 7 in

Ph
AlCI, R
R

the presence of AlCl;/CICH,CH,CI at 50 °C gave 1-(phe-
nylthio)bicyclo[3.3.0]oct-3-en-2-one (8, R = H) in 55%
yield."* Similarly 7, on treatment with 2 (R = Me) in the
presence of AlICl; at 20 °C gave the bicyclic enone 8 (R =
Me) in the 40% yield."* Treatment of 8 with Me,CulLi
gave 9 (78%) which was oxidized (MCPBA) to the dia-
stereomeric sulfoxides 10. Thermolysis (100 °C) of 10
cleanly gave the enone 11, isomeric with, but different from
5 (R = Me).

-l
|e=

1

While structure 8 (R = Me or H) indicates that the
phenylthio group is attached to the ring fusion position,
it is not conclusive that this group is adjacent to the car-
bonyl group. The 'H and *C NMR data are in keeping
with the assigned structures, but not diagnostic. Oxidation
of 8 (R = H; 2 equiv of MCPBA) gave the crystalline
sulfone 12. Diffusion crystallization from diethyl ether
gave suitable crystals for single-crystal X-ray crystallog-
raphy (Figure 1).1%

O  s0,Ph

(12) Komarov, N. V.; Yorosh, Q. G. Izv. Akad. Nauk SSSR, Ser.
Khim. 1967 (3), 690.

(13) NMR (CCly) 6 1.1-2.3 (6 H, m), 3.26 (1 H, m), 597 (1 H, dd, J =
2 and 7 Hz), 7.12-7.568 (6 H, m). MS: C,;H,,08S requires m/e 230.077,
found m /e 230.076.

(14) NMR (CCly): & 0.87 (3 h, s), 1.13 (3 H, 8), 1.85 (2 H, m), 2.40 (2
H, m), 3.30 (1 H, m), 5.85 (1 H, dd, / = 2 and 7 Hz), 7.08-7.45 (8 H, m).
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The mechanism of the formation of 8 (Scheme II) is
similar to Scheme I, in that the nucleophilicity of the
phenylthio enol-ether functionality dominates the first
acylation step to give 13. Since the trimethylsilyl group
is B to a sulfonium ion, it can be lost at this stage to give
the dienone 13a. Conrotatory cyclization of 13a leads to
the oxyallyl cation 13b, which can lose PhS* to give the
kinetic enol 13¢c. Sulfenylation of 13¢ using the in situ
generated PhS* gives 8.1¢

In summary, the described annulations provide a one
step reaction for the synthesis of (phenylthio)eyclo-
pentenones, albeit in moderate yield. The reagent 2 on
treatment with the «,3-unsaturated acid chlorides in the
presence of AlCl; results in an unprecedented rearrange-
ment to give 8. In the following paper an application of
the annulation reaction 1 to 3 is described for the total
synthesis of (&£)-hirsutene.
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Summary: A total synthesis of the tricyclic sesquiterpene
hirsutene is described, where all the key steps use orga-
nosilicon mediated reactions.

In recent years a substantial number of sesquiterpene
natural products having the linearly fused cis,anti,cis-
tricyclo[6.3.0.0%¢]undecanoid carbon skeleton have been
isolated.! This has spurred many interesting syntheses?
and the more general development of methods for making
fused five-membered rings.* Our own interest in this area
has been to view such structures as platforms upon which
to examine new methods in synthesis,* in particular those
involving organosilicon chemistry.?

Here we report a short, convergent synthesis of (%)-
hirsutene (1), the supposed biogenetic precursor of the
antitumor substance coriolin (2), and hirsutic acid (2a) that
utilizes a number of organosilicon-mediated steps.

4,4-Dimethylcyclopentenoyl chloride (3)° was treated
with 1-(trimethylsilyl)-1-(phenylthio)ethylene (4),% in the
presence of silver tetrafluoroborate at -20 °C in di-
chloromethane, to give the 4-phenylthio bicyclic enone 5
in 38% yield.” Despite extensive experimentation, we
have been unable to improve upon this modest yield.®
Treatment of 5 with methyllithium in ether followed by
mercuric ion assisted hydrolysis gave the known bicyclic
enone 6 in 93% yield.X® Not only does the new annulation

tPart of this work was carried out at The Ohio State University,
Columbus, Ohio 43210

(1) For an extensive compilation of key references see: Little, R. D.;
Bukhari, A.; Venegas, M. G. Tetrahedron Lett. 1979, 305. Trost, B. M.;
Curran, D. P. J. Am. Chem. Soc. 1980, 102, 5699.

(2) Syntheses of (+)-hirsutene: Little, R. D.; Muller, G. W. J. Am.
Chem. Soc. 1981, 103, 2744. Matsumoto, T. Tetrahedron Lett. 1976,
2795. Tatsuta, K.; Akimoto, K.; Kinoshita, M. J. Am. Chem. Soc. 1979,
101, 6116. Greene, A. E. Tetrahedron Lett. 1980, 3059. Hudlicky, T;
Kutchan, T. M.; Wilson, S. R.; Mao, D. T. J. Am. Chem. Soc. 1980, 102,
6351. Nozoe, S.; Furukawa, J.; Sankawa, U.; Shibata, S. Tetrahedron
Lett. 1976, 195. Ohfune, Y.; Shirahama, H.; Matsumoto, T. Ibid. 1975,
4377. Biogenetic-like conversion of A”®-protoilludene to hirsutene:
Hayano, K.; Ohfune, Y.; Shirahama, H.; Matsumoto, T. Ibid. 1978, 1991.
Hayano, K.; Ohfune, Y.; Shirahama, H.; Matsumoto, T. Helv. Chim. Acta
1981, 64(4), 1347, Stereocontrolled synthesis of (%)-hirsutic acid: Trost,
B. M.; Shuey, C. D.; DiNinno, F., Jr. J. Am. Chem. Soc. 1978, 101, 1284.
Coriolin: Danishefsky, S.; Zamboni, R.; Kahn, M.; Etheredge, S. J. Ibid.
1980, 102, 2097. Shibasaki, M.; Iseki, K.; Ikegami, S. Tetrahedron Lett.
1980, 3587. Mehta, G.; Reddy, A. V. J. Chem. Soc., Chem. Commun.
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(3) Paquette, L. A. Top. Current Chem. 1979, 79, 43. Eaton, P. E.
Tetrahedron 1979, 35, 2189. Danheiser, R. L,; Carini, D. J.; Basak, A.
J. Am. Chem. Soc. 1981, 103, 1604. Cooke, F.; Moerck, R.; Schwindeman,
J.; Magnus, P. J. Org. Chem. 1980, 45, 1046 and references therein,

(4) Magnus, P.; Quagliato, D. A, Organometallics, preceding paper in
this issue.

(5) Cooke, F.; Roy, G.; Magnus, P. Organometallics 1982, 1, 893.

(6) Harirchian, B.; Magnus, P. J. Chem. Soc., Chem. Commun. 1977,
522 and the last citation in ref 3.

(7) This yield represents chromatographed, analytically pure material,
ref 4 for data.

(8) The major problem with this reaction is the competitive polym-
erization of the reagent 4 and the formation of phenyl thicesters of 3.

(9) 4,4-Dimethylcyclopentenoyl chloride was made from dimedone and
will be described in detail later. 4,4-Dimethylcyclopentene carbox-
aldehyde is known. Wilson, S. R.; Turner, R. B. J. Org. Chem. 1973, 38,
2870. Magnusson, G.; Thorén, S. Ibid. 1978, 38, 1380.

reaction provide a very short synthesis of 6 in overall yield
33%1 but also confirms the structure of 5. Although the
yield of 5 is modest, the overall conversion of 3 into 6
represents the shortest and highest yielding method for
making this compound. Indeed, previous routes to 6 are
extremely lengthy and low yielding.!?

1)MelLi
JHgCI,/HO

Me

8

Most of the previous syntheses of hirsutene proceed
through the known degradation product, the ketone 7, and
methenylate this material using the Wittig reaction.? Our
objective was to add to required four-carbon unit to 6 with
the requisite exocyclic methylene group in a single step.
To this end, the necessary four-carbon unit 8 is readily
available by using organosilicon methodology developed
by Boeckman.!! Treatment of 4-(trimethylsilylybut-3-
yn-1-0l with anhydrous hydrogen bromide gave the vinyl
bromide 8, which was converted into the tert-butyldi-
methylsilyl ether 9 by using standard methods.’? Con-
version of 9 into the lithio derivative was achieved by
halogen—metal exchange using ¢-BuLi in ether at 100 °C.1?
The corresponding cuprate derivative was formed!# and
treated with the enone 6 to give 10 in 70% yield. No endo
addition products were detected. ,

The -Si-t-BuMe, protecting group, vital to the success
of this synthesis, was removed using Et;BzN*Cl~/KF-
2H,0% in CH,CN at 60 °C to give the alcohol 11. Ori-
ginally we employed an -OMe protecting group, which

(10) 4,7,7-Trimethyl-cis-bicyclo[3.3.0]oct-3-en-2-one is a well-known
compound that has been prepared by a variety of routes: Fex, T.; Fro-
berg, J.; Magnusson, G.; Thorén, S. J. Org. Chem. 1976, 41, 3518. Overall
vield 30% through five steps. (This is a very convenient method, espe-
cially on a large scale.) Ohfune, Y.; Shirahama, H.; Matsumoto, T.
Tetrahedron Lett. 1975, 4377. Miyano, K.; Ohfune, Y.; Azuma, S.;
Matsumoto, T. Ibid. 1974, 1545 (no details on every yield). Paquette, L.
A,; Farkas, E.; Galemmo, R. J. Org, Chem. 1981, 46, 5434. Overall yield
18% through eight steps.

(11) Boeckman, R. K., Jr.; Blum, D. M. J. Org. Chem. 1974, 39, 3307.

(12) Ogilvie, K. K. Can. J. Chem. 1973, 51, 3799.

(13) Seebach, D.; Newmann, H. Ber. Dtsch. Chem. Ges. 1974, 107, 847.

(14) The vinyl bromide 8 (R = MOM) has previously been converted
into cuprate derivatives: Semmelhack, M. F.; Yamashita, A.; Tomesch,
J. C.; Hirotsu, K. J. Am. Chem. Soc. 1978, 100, 5565; The most suitable
method for converting 9 into a cuprate derivative involved a modification
of the Noyori-Hooz methods: Suzuki, M.; Suzuki, T.; Kawagishi, T.;
Noyori, R. Tetrahedron Lett. 1980, 1247. Hooz, J.; Layton, R. B. Can.
J. Chem. 1970, 48, 1626. The 2-vinyl lithio species from 9 in ether was
treated with Cul-P(NMe,); complex at —78 °C, followed by BF3-OEt, (2
equiv), and the enone 6 added. Smith, A. B.; Jerris, P. J. J. Am. Chem.
Soc. 1981, 103, 194. Workup gave 10: NMR (CDCl;) 6 0.1 (6 H, s), 0.83
(9H,s),090(3H,s),1.02(8H,s),1.10 (3H,s),2.33 (2 H, ¢, J = 8 Hz),
368 (2 H,t J=8Hz),473(1 H,s),4.78 (1 H, s).

(15) Carpino, L. A. J. Chem. Soc. Chem. Commun. 1979, 514.
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under the conditions required for its removal, caused
migration of the exocyclic double bond into the endocyclic
position.

Measi—:_;__——\—
OH

—
o

R = SiBu’Me,
R=H
R =S0,C,H,Me-p

IR 12 )

-
N

X=0
X=0H,H
X=0CS,Me, H

The alcohol 11 was converted into the p-toluenesulfonate
ester 12 in the standard way and treated with lithiohexa-
methyldisilazane (2.0 equiv) in ether at —78 °C to give the
tricyclic ketone 14 (75%).

While there are many methods for directly reducing a
ketone to methylene, particularly the Wolff-Kishner re-
duction and more recent sophistications of this method,
the literature indicates that these methods might be ex-
pected to proceed in very low yield.®® The tricyclic ketone
13 was reduced to endo-hirsutene in only 8% yield.!
Consequently, 14 was treated with NaBH,/MeOH to give
the alcohol 15 as a mixture of epimers which was converted
into its xanthate derivative 16 by treatment with CS,/
Mel/NaH/THF.!7 Exposure of 16 to tri-n-butyltin hy-
dride in benzene heated at reflux in the presence of AIBN
(catgl;grtic) cleanly gave (£)-hirsutene (1) in 65% yield from
14.181

In summary, all the key steps in this short convergent
route to (%)-hirsutene utilize organosilicon chemistry. The
number of steps from 3 through to 1 is nine and proceeds
in an overall yield of 7%.
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Summary: (Pentaalkyliditin)lithiums are demonstrated to
be present in preparations of (trialkyitin)lithium reagents
(from the trialkyltin halide and lithium in tetrahydrofuran)
by direct observation (''*Sn NMR) and alkylation to
RsSn,R’ (R = methyl, n-propyl, isopropyl; R' = cyclo-
hexyl, methyl). Cyclohexylation of (/-C;H,)sSn.Li proceeds
by a free radical route. The Rg;Sn,Li species are consid-
ered to arise by oxidative addition of R3SnlLi to R,Sn,

formed by R,SnLi = R,Sn:RLi, dissociation of which is
promoted by R¢Sn, scavenging of RLI.

The reactions of simple (alkyltin)- or (aryltin)lithium
reagents usually can be understood in terms of R;SnLi (or
some aggregated or solvated assembly) functioning as an
electron-transfer reagent, nucleophile, or base.'* How-
ever, there are observations,>® mainly with tributyl- and
trimethyltin alkali reagents, consistent with the stannylene
(R.Sn:) being a significant component of the equilibrium
below (eq 1).

RgsnLi = RgSn: + RLi (1)

An attraction to this proposal is that some RsSnLi have
been synthesised by reaction of SnCl, with 3 equiv of RLi,
a procedure®!! which could involve the reverse of (1) as
the final step. Furthermore, a plausible scheme® for the
transformation of (CH,);SnLi to ((CHg)3Sn);SnLi, which
occurs under certain conditions,'* has eq 1 as the first step
followed by oxidative addition of (CH)sSnLi to (CHg),Sn
yielding (CHj)sSn,Li. In this communication we wish to
describe the characterization of some R5;Sn,Li species, the
formation of which constitutes very persuasive evidence
for the operation of eq 1 and the scheme® for (R;Sn),SnLi
formation.

(1) Key references are contained in: Smith, G. F.; Kuivila, H. G.;
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formation.

(1) Key references are contained in: Smith, G. F.; Kuivila, H. G.;
Simon, R.; Sultan, L. J. Am. Chem. Soc. 1981, 103, 833.

(2) San Filippo, J.; Silbermann, J. J. Am. Chem. Soc. 1981, 103, 5589.

(8) Kitching, W.; Olszowy, H. A.; Waugh, J.; Doddrell, D. J. Org.
Chem. 1978, 43, 898.

(4) Kitching, W.; Olszowy, H. A.; Harvey, K. J. Org. Chem. 1981, 46,
2423.

(5) Coates, G. E.; Blake, D.; Tate, . M. J. Chem. Soc. 1961, 618.

(6) Tamborski, C.; Ford, F. E.; Soloski, E. J. J. Org. Chem. 1963, 28,
237.

(7) Wursthorn, K. W.; Kuivila, H. G.; Smith, G. F. J. Am. Chem. Soc.
1978, 100, 2779.

(8) See also: Quintard, J. P.; Pereyre, M. Rev. Silicon, Germanium,
Tin Lead Compd 1980, 4, 153.

(9) Gilman, H.; Rosenberg, S. D. J. Am. Chem. Soc. 1952, 74, 531;
1958, 75, 2507.

(10) Wittig, G.; Meyer, F. J.; Lange, G. Justus Liebigs Ann. Chem.
1951, 571, 193.

(11) Wells, W. L.; Brown, T. L. J. Organomet. Chem. 1968, 11, 271.
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Scheme 1

(i-C,H,)8n,, (i-C,H,),Sn, c-HxSn(i-C,H,),, (i-C,H,),Sn-Sn(i-C,H, ),-c-Hx

15.6% 55.0%

i -HxB
(/-CaH7)3SnLi ——t

17.2% 7.8%
Major

unsym- and sym-(i-C,;H,),-c-Hx,8n, + sym-(i-C,;H,),-c-Hx,Sn, + (i-C,H,),-c-Hx,Sn

1.2% 1.1%

Reaction of analytically pure (i-C3H;)sSnBr with an
excess of lithium (tetrahydrofuran solvent) proceeds
readily, and reaction of this filtered apple green solution
with cyclohexyl bromide was rapid. The total product
mixture, before and after rapid workup but without any
heating etc., was examined by '1°Sn NMR spectroscopy
and at least eight significant signals to the high-field side
of (CH,),Sn (TMT = O) appeared. The signals at —32.3
and —44.3 ppm of comparable intensity suggested the ex-
istence of an unsymmetrical ditin species, with the signals
at -31.6, -42.6, and -55.4 ppm being assigned to (i-
C3H7)esn2, (i-C3H7)4Sn, and (i'C3H7)3sn'C'Hx (C'HX =
cyclohexyl), respectively, by comparison with the spectra
of authentic samples,i? as well as the agreement with
available literature values.® Titration of the total product
with iodine/chloroform, which rapidly cleaves only Sn-Sn
bonds, and subsequent complete isopropylation (with i-
C;H,;MgBr), provided only (i-C;H-),Sn, (i-C3H;);Sn-c-Hx,
and (i-C3H;),Sn-c-Hzx,, thus establishing the presence in
the product mixture of (i-C3H,)3Sn, (i-C3H,),Sn-c-Hx, or
(i-C3H,)Sn-c-Hx, residues in ditin or more catenated
species.

The constitution of the unsymmetrical ditin was shown
to be (i-C3H7)s-c-HxSn, in the following way. (i-
C;H,);Sn-c-Hx!? was treated with bromine (methanol; 1
equiv), and the resulting mixture of (i-C3Hj;);SnBr and
(i-C3H7)s-c-HxSnBr (13C and '°Sn spectroscopy; after
equalizing the concentrations by addition of (i-C;H;):SnBr)
was treated with lithium (1 equiv in THF) necessarily
producing the ditins shown in eq 2, by “symmetrical” and
“cross”-coupling of the tin bromides.

. Br,
(i-C3H;)3Sn-c-Hx oon”

(i-C3H7)3SnBr + (i-C3Hy)y-c-HxSnBr Tll:IiF

(i-C3H7)GSn2 + (i-C3H7)4-C-HXQSn2 + C‘Hxsn2(i'C3H7)5
@)

The 1%8n NMR spectrum of this total product exhibited
signals at —31.2 ppm (Jusg, g, = 1162 Hz) for (i-CsH7)¢Sn,
and -44.4 (J = 1182 Hz) for sym-(i-CsH;) ;-c-Hx,Sn, and
equiintense signals at —31.90 (/ = 1172 Hz) and —43.90 ppm
(J = 1172 Hz) assignable only to (i-C;H;);Sn-Sn(i-

+>0.56% 1.7%
Minor

C;H,)y-c-Hx and (i-C3H;)3Sn-Sn(i-C3H;),-c-Hx, respec-
tively. (The AB pattern for the nonequivalent °Sn nuclei
in the above compound was identified with Jusg, nsg, =
1226 Hz). Authentic sym-(i-C;H;),-c-Hx,Sn, (6 ~45.0) and
sym-(i-CgH),-c-Hx,Sn, (6 —57.8) were obtained by bro-
mination of (i-CsH1)o-c-Hx,Sn followed by (lithium) cou-
pling. This procedure also provides unsymmetrical (i-
C;H,),-c-Hx*Sn—*Sn(i-C;H,)-c-Hx, with 1'%Sn NMR shifts
of -45.6 (*) and —58.2 ppm (+). The complete reaction
outcome is shown, with weighted percentage yields of the
various stannanes (Scheme I), based on the 1'°Sn NMR
spectrum (long accumulation time).

Regarding the major products, we envisage (i-C;H;)s-c-
HxSn, and (i-CgH;)s-c-HxSn as arising from cyclo-
hexylation of (i-C;H,);Sn,Li and (i-CsH,)3SnLi, respec-
tively, with cyclohexyl bromide. The ditinlithio species
is considered to form as in eq 3 and 4 with (i-C3H;)¢Sn,
scavenging! of i-C;H,Li promoting dissociation of the
complex.

(i-C3Hy)gSny

(i-C3H7)3SnLi = (i'C3H7)an: i'C3H7Li
(i'CaH7)QSn: + (i'CgH7)4sn + (i-C3H7)3SnLi (3)

(i-C3Hy),Sn: + (i-CgHy)sSnLi — (i-C5Ho)sSn,Li (4)

The exact nature of the stannylene species resulting
from dissociation is unclear, but there is evidence (yel-
low-brown precipitate) for some aggregation, presumably
into [(i-C;H,),Sn),,'® such aggregation probably competing
with insertion into the Sn-Li bond.

We noted always the formation of substantial amounts
of (i-C3H7),Sn, which is attributed primarily to scavenging
of complexed i-C;H;Li by (i-C3H;)¢Sn, present in the
formation stage of RySnLi. (This was indicated by
quenching the “R,SnLi” solution with water, and R,Sn and
ReSn, were detected by '°Sn NMR spectroscopy.)

2RsSnCl + 2Li — RgSn, + 2LiCl
Resnz + 2Li — 2R3SnLi = 2R28n: + RLi
R,Sn: + RLi + R¢Sn, — R, Sn + R;SnLi + R,Sn: etc.

There is ample precedent for this latter reaction.’® Cy-
clohexene is also found in readily detected amounts (‘H

(12) Authentic samples have been characterized by 'H, 13C, and !'*Sn
NMR spectra and elemental analyses. Mixtures of organostannanes have
been characterized by 13C and %Sn NMR spectra, which agreed with
those of samples synthesized by unambiguous routes (see text) from
structurally authenticated precursors. The ditin fraction from the re-
action of (i-C3H7)3SnLi with cyclohexyl bromide (after removal of the
more volatile monostannanes) was calculated on the basis of the '*Sn
NMR spectrum to be 60.7% (i-CsH)gSn,, 30.35% (i-C3H)sSn,-c-Hx, and
8.9% (i-CsH7)Sng-c-Hx,. Anal. Caled: C, 45.35; H, 8.53. Found: C,
45.57; H, 8.30. Mass spectral fragmentations were completely consistent
with this ditin mixture. Full details will be reported later.

(13) A 1198n shift of -29.1 ppm has been reported for (i-C3H,)eSn,.
See: Mitchell, T. N.; Walter, G. J. Chem. Soc., Perkin Trans. 2 1977,
1842,

(14) See: Kobayashi, K.; Kawanisi, M.; Kitomi, T.; Kozima, S. J.
Organomet. Chem. 1982, 00, 0000.

(15) This yellow-brown material is not consumed by the secondary
cyclohexyl bromide but is by primary bromides and methyl iodide. [(:-
C3H7),Sn], made from SnCl, and 2 equiv of i-C;H,;MgBr (at low tem-
peratures) reacts with methyl iodide to yield (i-C;H;),CH3Snl and (i-
C3H-),Snl (11%Sn NMR spectra of authentic samples) as major products.
In contrast to preparations of (CHy);SnLi from (CHj3);SnCl and excess
lithium in THF, which are accompanied by deposition of metallic tin (and
darkening of lithium), no tin deposition or darkening of lithium accom-
panies similar preparations of “(i-C3H;),SnLi".

(16) This reaction has been utilized and recommended for the rapid
preparation of RySnLi from R¢Sn,. Still, W. C. J. Org. Chem. 1976, 41,
3063; J. Am. Chem. Soc. 1977, 99, 4836.
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NMR spectroscopy), and much of the R¢Sn, finally sur-
viving may arise from decomposition of Rz;SnH. The
formation of the minor products appears to require the
formation of intermediates such as R,Sn-c-HxLi (which
could lead to R,Sn-c-Hx, and R,Sn,;-c-Hx,) and R-c-
Hx,SnLi which could produce sym-Ry-c-Hx,Sn, and un-
sym-R-c-Hx,SnSnR,-c-Hx etc. Reasonable routes to such
species can be written. No tritins were detected in the
11590 NMR spectrum, but there is mass spectral evidence
for tri and higher order tin species.

The stereochemistry of the postulated cyclohexylation
of (-C3H;)sSn,Li was examined. Reaction of either cis-
or trans-4-methylcyclohexyl bromide provided (4-
methyleyclohexyl)pentaisopropylditin (**Sn and 3C NMR
spectroscopy) which was predominantly trans (~80%]), on
the basis of comparison of the 1*Sn and 3C NMR shifts
with those of authentic samples obtained from the bro-
mination/Li coupling procedures (outlined above) with
authentic (cis- 4-methylcyclohexyl)- and (trans-4-
methylcyclohexyl)triisopropylstannanes.'? Thus, appar-
ently complete stereoequilibration accompanies this sub-
stitution. Furthermore, reaction with 6-bromo-1-heptene
provided (cyclized) ((cis-2-methylcyclopentyl)methyl)- and
((trans-2-methylcyclopentyl)methyl)pentaisopropylditins
with a cis/trans ratio (ca. 2.7:1). These results are con-
sistent with an electron transfer/free radical mechanism
for substitution, as has been established for cyclohexylation
of (CH,)3SnLi'™ and (i-C;H;);SnLi.”” Methylation (with
CH;I) provides (i-C3H;);Sn,CH; (~1%) having !'Sn
NMR shifts (-29.0 and —49.3 ppm) and Jusg, g, (1616 Hz;
oJusg, n9g,, (AB pattern) = 1699 Hz) in agreement with those
of an authentic sample obtained by coupling (Li in THF)
of (i-C4H,)3SnBr and (i-C3H;);CH;SnBr.!? The major
product of methylation is (i-C3H;)sSnCH; (~83%).

The 1'%8n spectrum of “(i-C;H,);SnLi” (THF solvent)
consists of signals at § —13.0 (ca. 87% of total intensity)
assigned to (i-CgH;)sSnLi and & —42.7 assigned to (i-
C;H,)Sn (8%) and two equiintense signals at § —48.2 and
-39.3, with the latter being broader. We associate these
signals with (i-C3H,)sSn,Li (5%).

Preparations of (n-C;H;);SnLi (57.5%; dusg, —130) con-
tain (n-CgH;),Sn (22%; -18.0 ppm) as well as (n-
C3H;)sSn,Li (12.6%; usg, —123 and ~194; on the basis of
direct !'’Sn observations and derivatization to (n-
03H7)5SDZCH3 (~ 3%) and (n-C3H7)5Sn206H11 (~ 1.5% ).
(Pentamethylditin)lithium is a very minor component of
(CHg)sSnLi (usg, —179) shortly after (~20 min) prepara-
tion from (CH;);SnCl and excess lithium in THF, but
characterization as (CH,);Sn,CgH;; (0.7%; dusgy, —95.7 and
-107.9; comparison with authentic sample) was achieved.'®
No evidence for the existence of (CgH;)sSn,Li in (tri-
phenyltin)lithium (81usg, —109) preparations has been ob-
tained.

Steric congestion could be a factor in promoting disso-
ciation of (i-C3H;)3SnLi and/or conferring stability on
R,Sn:. The known!® [((CH3),Si),CH],Sn: is analogous to
the postulated [(CH3),CH1,Sn:. Our recent demonstra-
tion? of the presence of (CHj);Ge,Li in preparations of
(CHy)3GeLi (in HMPA) is in line with the present findings.
We are examining further aspects of sterically congested

(17) Olszowy, H. A., unpublished results.

(18) Reaction of (CHj)sSnLi with c-HxBr provided ¢c-HxSn(CHj;);
(96%), c-Hx,Sn(CH3); (~1%), (CHg)s-c-HxSn, (~1%), and (CHj)eSn,
§1 )~2%), on the basis of the 1¥®Sn NMR spectrum (accumulation time ~15

(19) Cotton, J. D.; Davidson, P. J.; Lappert, M. F. J. Chem. Soc.,
Dalton Trans. 1976, 2275.

(20) Wickham, G.; Young, D.; Kitching, W. J. Org. Chem., accepted
for publication.
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Summary: cis- and trans-2,3-diphenylzirconaindans 7
and 8 are formed stereospecificly from thermally gener-
ated (n°-dehydrobenzene)dicyclopentadienylzirconium(11)
and cis- and trans -stilbene, respectively. This supports
a concerted pathway suuggested for the cyclization re-
action of bis(olefin) transition-metal complexes to form
five-membered metallacycles.

The relation between bis(olefin) transition-metal com-
plexes 1 and five-membered metallacycles 2 is of great
importance for design and development of catalytic
transformations of unsaturated organic substrates. A
concerted pathway is commonly assumed for this basic
organometallic reaction type, although direct experimental
evidence supporting this assumption is quite rate.!

Stereospecificity of product formation is one of several
equally important criteria for concertedness? which usually
can be verified easily by experiment. Surprisingly, such
a simple stereochemical analysis is lacking for most or-
ganometallic systems of type 1 = 2.2 We have tested the
stereochemical outcome of one example of this reaction
type, the cyclization of (aryne)(olefin)zirconocene com-
plexes which yields substituted 1-zircononaindans.

(1) McDermott, J. X.; Wilson, M. E.; Whitesides, G. M. J. Am. Chem.
Soc. 1976, 98, 6529, Grubbs, R. H.; Miyashita, A.; Liu, M.; Burk, P. Ibid.
1978, 100, 2418. Grubbs, R. H.; Miyashita, A. Ibid. 1978, 100, 1300.
McLain, S. M.; Sancho, J.; Schrock, R. R. Ibid. 1979, 101, 5451. Stockis,
A.; Hoffman, R. Ibid. 1980, 102, 2952 and references cited therein.

(2) Woodward, R. B.; Hoffmann, R. Angew. Chem. 1969, 81, 797.
Huisgen, R. Ace. Chem. Res. 1977, 10, 117.

(3) (a) Erker, G.; Rosenfeldt, F. J. Organomet. Chem. 1982, 224, 29,
(b) Bond, A.; Lewis, B.; Green, M. J. Chem. Soc., Dalton Trans. 1975,
1109.
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NMR spectroscopy), and much of the R¢Sn, finally sur-
viving may arise from decomposition of Rz;SnH. The
formation of the minor products appears to require the
formation of intermediates such as R,Sn-c-HxLi (which
could lead to R,Sn-c-Hx, and R,Sn,;-c-Hx,) and R-c-
Hx,SnLi which could produce sym-Ry-c-Hx,Sn, and un-
sym-R-c-Hx,SnSnR,-c-Hx etc. Reasonable routes to such
species can be written. No tritins were detected in the
11590 NMR spectrum, but there is mass spectral evidence
for tri and higher order tin species.

The stereochemistry of the postulated cyclohexylation
of (-C3H;)sSn,Li was examined. Reaction of either cis-
or trans-4-methylcyclohexyl bromide provided (4-
methyleyclohexyl)pentaisopropylditin (**Sn and 3C NMR
spectroscopy) which was predominantly trans (~80%]), on
the basis of comparison of the 1*Sn and 3C NMR shifts
with those of authentic samples obtained from the bro-
mination/Li coupling procedures (outlined above) with
authentic (cis- 4-methylcyclohexyl)- and (trans-4-
methylcyclohexyl)triisopropylstannanes.'? Thus, appar-
ently complete stereoequilibration accompanies this sub-
stitution. Furthermore, reaction with 6-bromo-1-heptene
provided (cyclized) ((cis-2-methylcyclopentyl)methyl)- and
((trans-2-methylcyclopentyl)methyl)pentaisopropylditins
with a cis/trans ratio (ca. 2.7:1). These results are con-
sistent with an electron transfer/free radical mechanism
for substitution, as has been established for cyclohexylation
of (CH,)3SnLi'™ and (i-C;H;);SnLi.”” Methylation (with
CH;I) provides (i-C3H;);Sn,CH; (~1%) having !'Sn
NMR shifts (-29.0 and —49.3 ppm) and Jusg, g, (1616 Hz;
oJusg, n9g,, (AB pattern) = 1699 Hz) in agreement with those
of an authentic sample obtained by coupling (Li in THF)
of (i-C4H,)3SnBr and (i-C3H;);CH;SnBr.!? The major
product of methylation is (i-C3H;)sSnCH; (~83%).

The 1'%8n spectrum of “(i-C;H,);SnLi” (THF solvent)
consists of signals at § —13.0 (ca. 87% of total intensity)
assigned to (i-CgH;)sSnLi and & —42.7 assigned to (i-
C;H,)Sn (8%) and two equiintense signals at § —48.2 and
-39.3, with the latter being broader. We associate these
signals with (i-C3H,)sSn,Li (5%).

Preparations of (n-C;H;);SnLi (57.5%; dusg, —130) con-
tain (n-CgH;),Sn (22%; -18.0 ppm) as well as (n-
C3H;)sSn,Li (12.6%; usg, —123 and ~194; on the basis of
direct !'’Sn observations and derivatization to (n-
03H7)5SDZCH3 (~ 3%) and (n-C3H7)5Sn206H11 (~ 1.5% ).
(Pentamethylditin)lithium is a very minor component of
(CHg)sSnLi (usg, —179) shortly after (~20 min) prepara-
tion from (CH;);SnCl and excess lithium in THF, but
characterization as (CH,);Sn,CgH;; (0.7%; dusgy, —95.7 and
-107.9; comparison with authentic sample) was achieved.'®
No evidence for the existence of (CgH;)sSn,Li in (tri-
phenyltin)lithium (81usg, —109) preparations has been ob-
tained.

Steric congestion could be a factor in promoting disso-
ciation of (i-C3H;)3SnLi and/or conferring stability on
R,Sn:. The known!® [((CH3),Si),CH],Sn: is analogous to
the postulated [(CH3),CH1,Sn:. Our recent demonstra-
tion? of the presence of (CHj);Ge,Li in preparations of
(CHy)3GeLi (in HMPA) is in line with the present findings.
We are examining further aspects of sterically congested

(17) Olszowy, H. A., unpublished results.

(18) Reaction of (CHj)sSnLi with c-HxBr provided ¢c-HxSn(CHj;);
(96%), c-Hx,Sn(CH3); (~1%), (CHg)s-c-HxSn, (~1%), and (CHj)eSn,
§1 )~2%), on the basis of the 1¥®Sn NMR spectrum (accumulation time ~15

(19) Cotton, J. D.; Davidson, P. J.; Lappert, M. F. J. Chem. Soc.,
Dalton Trans. 1976, 2275.
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for publication.
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Summary: cis- and trans-2,3-diphenylzirconaindans 7
and 8 are formed stereospecificly from thermally gener-
ated (n°-dehydrobenzene)dicyclopentadienylzirconium(11)
and cis- and trans -stilbene, respectively. This supports
a concerted pathway suuggested for the cyclization re-
action of bis(olefin) transition-metal complexes to form
five-membered metallacycles.

The relation between bis(olefin) transition-metal com-
plexes 1 and five-membered metallacycles 2 is of great
importance for design and development of catalytic
transformations of unsaturated organic substrates. A
concerted pathway is commonly assumed for this basic
organometallic reaction type, although direct experimental
evidence supporting this assumption is quite rate.!

Stereospecificity of product formation is one of several
equally important criteria for concertedness? which usually
can be verified easily by experiment. Surprisingly, such
a simple stereochemical analysis is lacking for most or-
ganometallic systems of type 1 = 2.2 We have tested the
stereochemical outcome of one example of this reaction
type, the cyclization of (aryne)(olefin)zirconocene com-
plexes which yields substituted 1-zircononaindans.

(1) McDermott, J. X.; Wilson, M. E.; Whitesides, G. M. J. Am. Chem.
Soc. 1976, 98, 6529, Grubbs, R. H.; Miyashita, A.; Liu, M.; Burk, P. Ibid.
1978, 100, 2418. Grubbs, R. H.; Miyashita, A. Ibid. 1978, 100, 1300.
McLain, S. M.; Sancho, J.; Schrock, R. R. Ibid. 1979, 101, 5451. Stockis,
A.; Hoffman, R. Ibid. 1980, 102, 2952 and references cited therein.

(2) Woodward, R. B.; Hoffmann, R. Angew. Chem. 1969, 81, 797.
Huisgen, R. Ace. Chem. Res. 1977, 10, 117.

(3) (a) Erker, G.; Rosenfeldt, F. J. Organomet. Chem. 1982, 224, 29,
(b) Bond, A.; Lewis, B.; Green, M. J. Chem. Soc., Dalton Trans. 1975,
1109.

0276-7333/82/2301-1246$01.25/0 © 1982 American Chemical Society





Organometallics 1982, 1, 1247-1249 1247

Scheme I
a
Nb £~b
LM . LM L
¢ d
1 2
Scheme I1

=~ ‘ \:// | g en
\ s a . 5 Ph z
CpyZf, N ‘ Cpp—l@ ( 7~
/ e~ ) | ;
~ 4 N =
3 \3 szz(\» szZr\/‘\

Diphenylzirconocene (3) in benzene solution is a suitable
starting material for the generation of the elusive (%
dehydrobenzene)dicyclopentadienylzirconium(II) (4) under
sufficiently mild conditions.* We have recently been able
to show that a variety of olefins can compete successfully
with the aromatic solvent as scavengers and can trap in-
termediate 4 from this thermal equilibrium to form me-
tallaindans.® Thermolysis of 1.8 g (4.8 mmol) of 3 in 20
mL of benzene for 18 h at 80 °C in the presence of a
tenfold excess of cis-stilbene yielded a single organometallic
product (7) which was isolated in 31% yield after recrys-
tallization from n-hexane. In an argon atmosphere the
orange-red crystalline material is stable to about 160 °C;
above that temperature it rapidly decomposes before
melting. The compound analyzes correctly for a 1:1 adduct
of (n%-dehydrobenzene)dicyclopentadienylzirconium(II) (4)
with the added olefin [Caled for C;0HyeZr: C, 75.42; H,
5.49. Found: C, 75.33; H, 5.52. MS: m/e 476 (M*)8].
Treatment of a deep red benzene solution of 7 with HC1
resulted in an almost quantitative yield of zirconocene
dichloride and 1,1,2-triphenylethane.

The 3C NMR spectrum (62.89 MHz, C¢Dg) of 7 shows
carbon atoms of three chemically different aromatic
frameworks’ in addition to two nonidentical n°-cyclo-
pentadienylligands at d; 110.9 and 109.7. The presence
of a metallacyclic ¢ structure becomes evident from reso-
nances due to two benzylic carbons at §; 70.5 and 58.8
exhibiting coupling constants 'Jqy = 126.9 and 122.3 Hz,
respectively, characteristic for a saturated alkyl moiety in
a five-membered metallacycle.? In the 'H NMR spectrum
(250 MHz, C¢Dg) 7 displays two Cp resonances at & 5.63
and 5.00. Benzylic hydrogens appear as a well-separated
AB system at 6 5.72 (ArCHPh) and 3.30 (ZrCHPh). An
observed AB coupling constant 3Jyy = 7.1 Hz does not by
itself allow a clear distinction between a cis and trans
arrangement of phenyl substituents at the five-membered
ring system.? Tentatively, we assign a cis structure to this
zirconocene complex 7 obtained from the reaction of in-

(4) Erker, G. J. Organomet. Chem. 1977, 134, 189. See also: Shur, V.
B.; Berkovich, E. G.; Vol'pin, M. E.; Lorenz, B. and Wahren, M. J. Or-
ganomet. Chem. 1982, 228, C 36.

(5) Erker, G.; Kropp, K. J. Am. Chem. Soc. 1979, 101, 3659.

(6) A m/e value corresponding to naturally most abundant isotopes,
i.e., ¥Zr (51.5%).

(7) NMR: 6 179.3 (s), 164.3 (s), 146.8 (s), 141.5 (s), 140.9 (d), 132.8 (d),
131.1 (d), 127.0 (d), 126.4 (d), 124.7 (d), 124.0 (d), 119.2 (d), two additional
carbon resonances cannot be located accurately due to solvent signals.

(8) McLain, S. J.; Wood, C. D.; Schrock, R. R. J. Am. Chem. Soc. 1977,
99, 3519; 1979, 101, 4558.

(9) Bovey, F. A. “Nuclear Magnetic Resonance Spectroscopy”; Aca-
demic Press: New York, 1969; p 362. Becker, E. D. “High Resolution
NMR”; Academic Press: New York, 1969; p 96. Filippova, T. M.; Lav-
rukhin, B. D.; Shymrev, I. K. Org. Magn. Reson. 1974, 6, 92.
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termediate 4 with added scavenger cis-stilbene.

We could not detect any trace of 7 upon thermolysis of
3 under similar conditions using a fivefold excess of
trans-stilbene. A different organometallic compound 8 was
formed instead which appears to be the configurational
isomer of 7. This we deduce from the formation of the
identical organic product, 1,1,2-triphenylethane, upon
hydrolysis and a distinctly different although in general
quite similar appéarance of the !H NMR spectrum, ex-
hibiting features at § 8.20-6.80 (m, 14 H, aromatic), 5.83
and 5.10 (s, 5 H each, Cp), 5.00 and 3.95 (AB system, 2 H,
CHPh, 3Jyy = 10.5 Hz). Independent crossover experi-
ments revealed that the formation of about 1% of the cis
isomer accompanying trans-2,3-diphenyl-1-zirconaindan
8 would have been detected by the method of analysis
applied (FT 'H NMR, 250 MHz). However, in a direct
comparison of crude reaction mixtures obtained from
thermolyses of 3 and the respective stilbene isomers in
C¢Dg solvent in sealed NMR tubes, we have not been able
to observe any formation of the “wrong” isomer of the
particular metallacyclic reaction product.

Our observation of a >99% selective, stereospecific
formation of phenyl-substituted five-membered metalla-
cycles 7 and 8 provides a strong indication for a concerted
course of the ring closure reaction of intermediate bis-
(olefin)zirconocene complexes 5 and 6. This example,
therefore, contrasts favorably with the reaction of (-
benzophenon)zirconocene with dimethyl fumarate and
maleate, the latter forming a five-membered metallacycle
with loss of stereochemistry as expected for a stepwise
reaction mechanism.®

Acknowledgment. We thank the Deutsche For-
schungsgemeinschaft for financial support.

Registry No. 3, 51177-89-0; 4, 71191-32-7; 7, 82555-26-8; 8,
82597-45-3; cis-stilbene, 645-49-8; trans-stilbene, 103-30-0.

Reactions of Coordinated Molecules. 33.
Conversion of a Metalla sp>-CH Analogue to a
Metalla sp®>-CH Analogue: A Comment about
Structural and Electronic Formalism

Charles M. Lukehart* and K. Srinivasan
Department of Chemistry, Vanderbilt University
Nashville, Tennessee 37235
Received May 18, 1982

Summary: The conversion of a-enolate anions of met-
alla-3-diketonate complexes to n°-allylic complexes is
analyzed by using an isolobal approach. These reactions
are described as the conversion of a metalla sp?-CH
moiety into a metalla sp®-CH moiety.

We reported recently an intramolecular, interligand C-C
bond formation reaction which occurred between adjacent
acylic ligands, as shown in eq 1.! When the (ferra-3-di-
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Diphenylzirconocene (3) in benzene solution is a suitable
starting material for the generation of the elusive (%
dehydrobenzene)dicyclopentadienylzirconium(II) (4) under
sufficiently mild conditions.* We have recently been able
to show that a variety of olefins can compete successfully
with the aromatic solvent as scavengers and can trap in-
termediate 4 from this thermal equilibrium to form me-
tallaindans.® Thermolysis of 1.8 g (4.8 mmol) of 3 in 20
mL of benzene for 18 h at 80 °C in the presence of a
tenfold excess of cis-stilbene yielded a single organometallic
product (7) which was isolated in 31% yield after recrys-
tallization from n-hexane. In an argon atmosphere the
orange-red crystalline material is stable to about 160 °C;
above that temperature it rapidly decomposes before
melting. The compound analyzes correctly for a 1:1 adduct
of (n%-dehydrobenzene)dicyclopentadienylzirconium(II) (4)
with the added olefin [Caled for C;0HyeZr: C, 75.42; H,
5.49. Found: C, 75.33; H, 5.52. MS: m/e 476 (M*)8].
Treatment of a deep red benzene solution of 7 with HC1
resulted in an almost quantitative yield of zirconocene
dichloride and 1,1,2-triphenylethane.

The 3C NMR spectrum (62.89 MHz, C¢Dg) of 7 shows
carbon atoms of three chemically different aromatic
frameworks’ in addition to two nonidentical n°-cyclo-
pentadienylligands at d; 110.9 and 109.7. The presence
of a metallacyclic ¢ structure becomes evident from reso-
nances due to two benzylic carbons at §; 70.5 and 58.8
exhibiting coupling constants 'Jqy = 126.9 and 122.3 Hz,
respectively, characteristic for a saturated alkyl moiety in
a five-membered metallacycle.? In the 'H NMR spectrum
(250 MHz, C¢Dg) 7 displays two Cp resonances at & 5.63
and 5.00. Benzylic hydrogens appear as a well-separated
AB system at 6 5.72 (ArCHPh) and 3.30 (ZrCHPh). An
observed AB coupling constant 3Jyy = 7.1 Hz does not by
itself allow a clear distinction between a cis and trans
arrangement of phenyl substituents at the five-membered
ring system.? Tentatively, we assign a cis structure to this
zirconocene complex 7 obtained from the reaction of in-

(4) Erker, G. J. Organomet. Chem. 1977, 134, 189. See also: Shur, V.
B.; Berkovich, E. G.; Vol'pin, M. E.; Lorenz, B. and Wahren, M. J. Or-
ganomet. Chem. 1982, 228, C 36.

(5) Erker, G.; Kropp, K. J. Am. Chem. Soc. 1979, 101, 3659.

(6) A m/e value corresponding to naturally most abundant isotopes,
i.e., ¥Zr (51.5%).

(7) NMR: 6 179.3 (s), 164.3 (s), 146.8 (s), 141.5 (s), 140.9 (d), 132.8 (d),
131.1 (d), 127.0 (d), 126.4 (d), 124.7 (d), 124.0 (d), 119.2 (d), two additional
carbon resonances cannot be located accurately due to solvent signals.

(8) McLain, S. J.; Wood, C. D.; Schrock, R. R. J. Am. Chem. Soc. 1977,
99, 3519; 1979, 101, 4558.

(9) Bovey, F. A. “Nuclear Magnetic Resonance Spectroscopy”; Aca-
demic Press: New York, 1969; p 362. Becker, E. D. “High Resolution
NMR”; Academic Press: New York, 1969; p 96. Filippova, T. M.; Lav-
rukhin, B. D.; Shymrev, I. K. Org. Magn. Reson. 1974, 6, 92.
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termediate 4 with added scavenger cis-stilbene.

We could not detect any trace of 7 upon thermolysis of
3 under similar conditions using a fivefold excess of
trans-stilbene. A different organometallic compound 8 was
formed instead which appears to be the configurational
isomer of 7. This we deduce from the formation of the
identical organic product, 1,1,2-triphenylethane, upon
hydrolysis and a distinctly different although in general
quite similar appéarance of the !H NMR spectrum, ex-
hibiting features at § 8.20-6.80 (m, 14 H, aromatic), 5.83
and 5.10 (s, 5 H each, Cp), 5.00 and 3.95 (AB system, 2 H,
CHPh, 3Jyy = 10.5 Hz). Independent crossover experi-
ments revealed that the formation of about 1% of the cis
isomer accompanying trans-2,3-diphenyl-1-zirconaindan
8 would have been detected by the method of analysis
applied (FT 'H NMR, 250 MHz). However, in a direct
comparison of crude reaction mixtures obtained from
thermolyses of 3 and the respective stilbene isomers in
C¢Dg solvent in sealed NMR tubes, we have not been able
to observe any formation of the “wrong” isomer of the
particular metallacyclic reaction product.

Our observation of a >99% selective, stereospecific
formation of phenyl-substituted five-membered metalla-
cycles 7 and 8 provides a strong indication for a concerted
course of the ring closure reaction of intermediate bis-
(olefin)zirconocene complexes 5 and 6. This example,
therefore, contrasts favorably with the reaction of (-
benzophenon)zirconocene with dimethyl fumarate and
maleate, the latter forming a five-membered metallacycle
with loss of stereochemistry as expected for a stepwise
reaction mechanism.®
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are described as the conversion of a metalla sp?-CH
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ketonato)difluoroboron complex 1 is treated with KH, the
methyl substituent of the ferra chelate ring is deprotona-
ted, and complex 2 forms in essentially quantitative yield
with concomitant elimination of hydrogen. Complex 2 is
an n*-allylic complex (written in an all-o representation)
as determined by X-ray crystallography.

We rationalized how the a-enolate anion of 1 rearranges
to 2 by using a single set of Lewis structures, as shown in
eq 2.! The initial enolate anion of 1 is represented as 3.
Resonance structure 4 is presumably a better description
of anion 3, because the negative charge on the a-carbon
atom is stabilized by the metalla chelate ring. Structure
4 contains formally a Fischer-carbenoid ligand and an
n'-alkenyl ligand bonded to the iron atom. Both of these
ligand types are known to form stable complexes with
cyclopentadienyliron carbonyl moieties. The conversion
of 4 to the observed product 5 occurs as a metal-mediated,

~ ="+ Na_ &
M/jc \‘9\55 — M/E' Q\EFZ
/\\\/C——@/ r\>c b_/
CHg 2
3, M=(nd-CoHg)OCIFe 4
R=i-Pr
l (2)
R o
PN
MiJ BF,
\B/c\'o/
CHy ™
5

transannular C-C bond formation. The formal oxidation
state of M does not change in going from 1 to 2 (or 5) nor
has a reductive-elimination reaction occurred.

Two observations regarding reaction 1 are the following:
(1) the reaction as shown, is a general one as demonstrated
by effecting a clean 1 to 2 conversion when the cis-
(OC)Mn and cis-(OC)Re analogues of 1 are used and (2)
the deprotonation of the methyl substituent can be ac-
complished with such weak bases, as tetramethylpiperidine
or even pyridine.2 The first observation is expected since
these metalla moieties are isovalent to the CsHz(OC)Fe
moiety. However, the second observation is somewhat
surprising, since the methyl substituent of 1 was not ex-
pected to be nearly as acidic as a methyl substituent on
a Fischer-carbenoid ligand.® Since no intermediates are
observed, the formation of anion 3 (or 4) appears to be
direct and very facile, and the subsequent rearrangement
to 5 is, apparently, very rapid. The question of why this
final rearrangement is so facile is addressed in this com-
munication.

A considerable amount of work has demonstrated that
the metalla moieties, cis-(OC) Mn, cis-(OC),Re, and C;-
H;(OC)Fe, in metalla-g-diketonate molecules can be con-
sidered as being isovalent to an sp®-methine group.*
Although theoretical calculations of metalla-3-diketonate
_.complexes have not been performed, we propose that the
metalla moieties in these molecules are isolobal® to an
sp2-CH group, as shown in 6 and 7 for the cis-(0C),Mn
fragment.

A neutral sp?-CH fragment, 6, is a 5-electron moiety

(1) Lukehart, C. M.; Srinivasan, K. J. Am. Chem. Soc. 1981, 103, 4166.

(2) Lukehart, C. M.; Srinivasan, K. “Abstracts of Papers”, 183rd Na-
tional Meeting of the American Chemical Society, Las Vegas, NV, Mar
1982; American Chemical Society: Washington, DC, 1982; Abstract 219.

(3) Casey, C. P.; Anderson, R. L. J. Am. Chem. Soc. 1974, 96, 1230.

(4) Lukehart, C. M. Acc. Chem. Res. 1981, 14, 109.

(5) For a definition of the term “isolobal” as applied to organometallic
fragments, see: Elian, M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann,
R. Inorg. Chem. 1976, 15, 1148.

Communications

having two sp?o orbitals and one pr orbital each con-
taining one unpaired electron formally. A neutral cis-
(OC),Mn fragment is a d7 M(CO),, 15-electron moiety

which has two d%sp®-¢ orbitals and one d= orbital (d,,) each
containing one unpaired electron formally.® When the
moieties 6 and 7 form a double bond to a two-electron
substituent and a single bond to a one-electron substituent,
the central C and Mn atoms became coordinately satu-
rated.

Hoffmann’s elegant work on the fragment orbitals of
transition-metal carbonyl moieties’ indicates that d” M-
(CO), moieties have an optimum C,, geometry with a slight
tetrahedral distortion. The X-ray structures of [cis-
(0C) Mn(CH4CO),]5Al and [cis-(OC) Re(CH;CO),}H re-
veal s;lch a distortion of the axial CO ligands, as shown
in78%

When this isolobal formalism is applied to the rear-
rangement of 4 to 5, an interesting analogy appears evi-
dent. In structure 4, if the metalla moeity, M, is pre-
sumed to be isolobal to an sp>-CH group, then in structure
5, it is now isolobal to an sp3-CH group. Structure 4 is
a trans-2-metalla-1,3-butadiene, and 5 is formally a 1-
metallabicyclo[1.1.0)butane.

This formalism implies an analogous relationship be-
tween the very facile conversion of 4 to 5, and the well-
known, thermally allowed concerted [,2, + ,2,] pericyclic
ring opening of bicyclo[1.1.0]butanes to give trans-1,3-
butadienes, as shown in eq 3 for a classic example.'® The

Me
Me Me T3 Hﬁ____<Me (3)
H H H

4 to 5 conversion is actually the reverse of this organic
rearrangement, presumably because the 7*-allylic complex,
5, lacks ring strain and is more stable than 4. Notice,
however, that the disrotatory closure of ring A and the
conrotatory closure of ring B converts 4 to 5 by a thermally
allowed mechanism.!!

The analogy between the organometallic and organic
conversions shown in eq 2 and 3, respectively, might help
to explain why the a-enolate anions of (metalla-3-di-
ketonato)difluoroboron complexes rearrange to 7°-allylic

(6) For a qualitative description of bonding within metalla-8-di-
ketonate complexes, see: Lukehart, C. M.; Torrence, G. P. Inorg. Chim.
Acta 1977, 22, 131.

(7) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058.

(8) Lukehart, C. M.; Torrence, G. P.; Zeile, J. V. J. Am. Chem. Soc.
1975, 97, 6903.

(9) Lukehart, C. M.; Zeile, J. V. J. Am. Chem. Soc. 1976, 98, 2365.

(10) Closs, G. L.; Pfeffer, P. E. J. Am. Chem. Soc. 1968, 90, 2452.

(11) Experimental verification of the thermally allowed [,2, + ,2,] ring
closure mechanism which converts 4 into 5 would be difficult. The BF,
chelate ring ensures a disrotatory closure of ring A. The determinaion
of conrotatory or disrotatory closure of ring B by introducing different
substituents on the CH, group is thwarted by the transient stability of
species like 4 and by the inability to selectively enolize the alkyl precursor
to give an analogue to 4 as only one geometrical isomer. In the absence
of a chelate ring formed by BF; or a coordinating metal ion, geometrical
isomerization of the carbenoid acylmetalate ligand would preclude an
unambiguous stereochemical interpretation of the closure of ring A.
However, we intend to demonstrate that species like 4 can be prepared
independently by treating (n5-CsHg)Fe(CO)y(n'-vinyl) complexes with
alkyllithium reagents. The resulting complexes should undergo interli-
gand C—C bond formation to afford analogues to 5.
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complexes so facilely. We would like to suggest that similar
analogies might be useful in explaining otherwise unique
or esoteric reactions of organometallic compounds. By
using this formalism, one can predict several related re-
actions of various classes of metalla-3-diketonate com-
plexes or other types of complexes which contain some
degree of metal-carbon multiple bonding to adjacent lig-
ands. A general formal representation of " ligands in an
all-¢ description rather than as a r-delocalized description
may lead to a better understanding of how such ligands
are formed, particularly when 18-electron metal moieties
are involved.

Another interesting observation is evident from the
molecular structure of anion 5, where M is cis-(OC),Mn.?
The Mn(CO), moiety now has a slight square-pyramidal
distortion where the axial OC-Mn-CO angle of 168° is now
bent away from the y*-allylic ligand. This gives a #l angle”
and 96°, as shown in 8. Although this angle does not have

(n3-allylic ligand)

the preferred 6 value of ca. 105°,7 the distortion is in the
correct direction for the Mn(CO), moiety to attain a
threefold set of three acceptor fragment orbitals.” As
shown in 9, this neutral, d” Mn(CO), moiety is then quite
analogous to a neutral sp®-methine radical.
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Summary: The manganese reagent derived from equi-
molar amounts of MnCl, and LiAlH, is found to attain
carbonyl addition of allylic bromides with characteristic
stereoselectivities.

Manganese is one of most promising marine metallic
resources for the future.! Because of the salient features
of manganese species of high oxidation state,” the metal
has been widely used for oxidation of organic compounds.
The lower valent manganese species, on the other hand,
remained unutilized possibly due to the instability of Mn(I)

(1) Cronan, D. 8. “Underwater Minerals”; Academic Press: London,
1980; p 362. Mizuno, A. Kagaku-no-Ryoiki, 1982, 36, 110-118 and ref-
erences cited therein.

(2) House, H. 0. “Modern Synthetic Reactions™; Benjamin, W. A.:
Menlo Park, CA, 1972; pp 257-291.

species® and inactivity of metallic Mn.* Herewith we
report that manganese(II) chloride is readily reduced with
lithium aluminum hydride and the resulting manganese
reagent is capable of Grignard-type reaction (eq 1).
MnCl, + LIAIH, ——> “Mn(0)" + H, (1)
Anhydrous manganese(II) chloride® suspended in tet-
rahydrofuran (THF) was reduced with an equimolar
amount of lithium aluminum hydride at 0 °C. The initial
pink color of the reaction mixture turned black. Although
details of the resulting species are not at hand, a brief note
by Rice,® who records that the manganese(II) ion is reduced
to Mn(0) by aluminum hydride or lithium aluminum hy-
dride, is informative. Thus, we call it “Mn(0)” reagent.”
When the reagent was treated with allyl bromide and then
with aldehydes or ketones, the allyl unit was effectively
added to the carbonyl groups of these compounds (eq 2).
Our results are summarized in Table 1.
R' R
"Mn o))" 1

>:O + H\,//,\/Br — = {2}
3 R’
OH

Characteristic features of the allyl addition by the
“Mn(0)” reagent are as follows. (1) Both aldehydes and
ketones give corresponding adducts in good yields. (2)
«,B-Unsaturated aldehydes and ketones undergo 1,2 ad-
dition (runs 10, 11, 12, and 17). (3) With crotyl bromide
carbonyl addition takes place at the y-position exclusively,
and the aldehyde adducts are in general erythro-threo
mixture (runs 13, 14, 15, 16, and 17).8 (4) a-Erythro
induction®'! (run 7) was moderate. (5) Addition to 4-
tert-butylcyclohexanone occurs predominantly from the
equatorial direction. Particularly remarkably high selec-
tivity is observed for crotyl addition, and hereby the axial
alcohol'? is produced almost exclusively in sharp contrast
to the corresponding Grignard reagent.”>'? (6) Reaction
of prenyl bromide was less effective than allyl or crotyl

(3) Seyferth, D.; Goldman, E. W.; Pornet, J. J. Organomet. Chem.
1981, 208, 189. Some Mn(-I) complexes stabilized by carbonyls have
found synthetic applications recently. For example: Ellis, J. E. J. Or-
ganomet. Chem. 1975, 86, 1. King, R. B. Acc. Chem. Res. 1970, 3, 417.
See also: Marsi, M.; Gladysz, J. A. Tetrahedron Lett. 1982, 23, 631 and
references cited therein.

(4) Reduction by means of manganese powder: Battaglia, L. P;
Nardelli, M.; Pelizzi, C.; Predieri, G. J. Organomet. Chem. 1981, 209,
C7-C9. Synthetic application of reactive manganese metal: Billups, W.
E.; Konarski, M. M.; Hauge, R. H.; Margrave, J. L. Tetrahedron Lett.
1981, 21, 3861-3865.

(5) Dehydration of commercially available manganese(II) chloride—
water (1/4) was effected with thionyl chloride (cf. Pray, A. R. Inorg.
Synth. 1954, 5, 153-156).

(6) Rice, M. J. Nucl. Sci. Abstr. 1956, 10, No. 1641. Gmelin, L.
“Handbuch der anorganischen Chemie, Mn, Teil C5,
Halogenverbindungen”; Verlag Chemie: Weinheim, 1978; p29.

(7) The reagent generated from 1:1 mixture of MnCl, and LiAlH, gave
the best results in the reaction. When smaller or larger amounts of
LiAIH, were used, the yields of the adducts were lower. For example, the
reagent generated from MnCl,-LiAlH, (2:1) gave the adduct of run 1
(Table I) in 75% yield. When the reagent from MnCl,-LiAlH, (4:1) was
used for the same reaciton, 1,2-diphenylethane-1,2-diol was produced in
35% yield. In the case of MnCl,-LiAlH, (1:2), benzyl aleohol was the
major product.

(8) The results surprisingly contrast with those of chromium (threo
selective)? and tin (erythro selective).'?

(9) Hivama, T.; Kimura, K.; Nozaki, H. Tetrahedron Leit. 1981, 21,
1037-1040. Hiyama, T.; Okude, Y.; Kimura, K.; Nozaki, H. Bull. Chem.
Soc. Jpn. 1982, 55, 561-568. See also: Yamamoto, Y.; Maruyama, K.
Tetrahedron Lett. 1981, 22, 2895-2899. Sato, F.; lida, K.; Iijima, S.;
Moriya, H.; Sato, M. J. Chem. Soc., Chem. Commun. 1981, 1140-1141.

(10) Yatagai, H.; Yamamoto, Y.; Maruyama, K. JJ. Am. Chem. Soc.
1980, 102, 4548-4550.

(11) Buse, C. T.; Heathcock, C. H. Tetrahedron Lett. 1978, 1685-1689.

(12) Cherest, M. Tetrahedron 1980, 36, 1593-1598. Selective equato-
rial attack is realized by alternative methods. See: ref 9 and Naruta, Y.;
Ushida, S.; Maruyama, K. Chem. Lett. 1979, 919-923.
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complexes so facilely. We would like to suggest that similar
analogies might be useful in explaining otherwise unique
or esoteric reactions of organometallic compounds. By
using this formalism, one can predict several related re-
actions of various classes of metalla-3-diketonate com-
plexes or other types of complexes which contain some
degree of metal-carbon multiple bonding to adjacent lig-
ands. A general formal representation of " ligands in an
all-¢ description rather than as a r-delocalized description
may lead to a better understanding of how such ligands
are formed, particularly when 18-electron metal moieties
are involved.

Another interesting observation is evident from the
molecular structure of anion 5, where M is cis-(OC),Mn.?
The Mn(CO), moiety now has a slight square-pyramidal
distortion where the axial OC-Mn-CO angle of 168° is now
bent away from the y*-allylic ligand. This gives a #l angle”
and 96°, as shown in 8. Although this angle does not have

(n3-allylic ligand)

the preferred 6 value of ca. 105°,7 the distortion is in the
correct direction for the Mn(CO), moiety to attain a
threefold set of three acceptor fragment orbitals.” As
shown in 9, this neutral, d” Mn(CO), moiety is then quite
analogous to a neutral sp®-methine radical.
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Summary: The manganese reagent derived from equi-
molar amounts of MnCl, and LiAlH, is found to attain
carbonyl addition of allylic bromides with characteristic
stereoselectivities.

Manganese is one of most promising marine metallic
resources for the future.! Because of the salient features
of manganese species of high oxidation state,” the metal
has been widely used for oxidation of organic compounds.
The lower valent manganese species, on the other hand,
remained unutilized possibly due to the instability of Mn(I)

(1) Cronan, D. 8. “Underwater Minerals”; Academic Press: London,
1980; p 362. Mizuno, A. Kagaku-no-Ryoiki, 1982, 36, 110-118 and ref-
erences cited therein.

(2) House, H. 0. “Modern Synthetic Reactions™; Benjamin, W. A.:
Menlo Park, CA, 1972; pp 257-291.

species® and inactivity of metallic Mn.* Herewith we
report that manganese(II) chloride is readily reduced with
lithium aluminum hydride and the resulting manganese
reagent is capable of Grignard-type reaction (eq 1).
MnCl, + LIAIH, ——> “Mn(0)" + H, (1)
Anhydrous manganese(II) chloride® suspended in tet-
rahydrofuran (THF) was reduced with an equimolar
amount of lithium aluminum hydride at 0 °C. The initial
pink color of the reaction mixture turned black. Although
details of the resulting species are not at hand, a brief note
by Rice,® who records that the manganese(II) ion is reduced
to Mn(0) by aluminum hydride or lithium aluminum hy-
dride, is informative. Thus, we call it “Mn(0)” reagent.”
When the reagent was treated with allyl bromide and then
with aldehydes or ketones, the allyl unit was effectively
added to the carbonyl groups of these compounds (eq 2).
Our results are summarized in Table 1.
R' R
"Mn o))" 1

>:O + H\,//,\/Br — = {2}
3 R’
OH

Characteristic features of the allyl addition by the
“Mn(0)” reagent are as follows. (1) Both aldehydes and
ketones give corresponding adducts in good yields. (2)
«,B-Unsaturated aldehydes and ketones undergo 1,2 ad-
dition (runs 10, 11, 12, and 17). (3) With crotyl bromide
carbonyl addition takes place at the y-position exclusively,
and the aldehyde adducts are in general erythro-threo
mixture (runs 13, 14, 15, 16, and 17).8 (4) a-Erythro
induction®'! (run 7) was moderate. (5) Addition to 4-
tert-butylcyclohexanone occurs predominantly from the
equatorial direction. Particularly remarkably high selec-
tivity is observed for crotyl addition, and hereby the axial
alcohol'? is produced almost exclusively in sharp contrast
to the corresponding Grignard reagent.”>'? (6) Reaction
of prenyl bromide was less effective than allyl or crotyl

(3) Seyferth, D.; Goldman, E. W.; Pornet, J. J. Organomet. Chem.
1981, 208, 189. Some Mn(-I) complexes stabilized by carbonyls have
found synthetic applications recently. For example: Ellis, J. E. J. Or-
ganomet. Chem. 1975, 86, 1. King, R. B. Acc. Chem. Res. 1970, 3, 417.
See also: Marsi, M.; Gladysz, J. A. Tetrahedron Lett. 1982, 23, 631 and
references cited therein.

(4) Reduction by means of manganese powder: Battaglia, L. P;
Nardelli, M.; Pelizzi, C.; Predieri, G. J. Organomet. Chem. 1981, 209,
C7-C9. Synthetic application of reactive manganese metal: Billups, W.
E.; Konarski, M. M.; Hauge, R. H.; Margrave, J. L. Tetrahedron Lett.
1981, 21, 3861-3865.

(5) Dehydration of commercially available manganese(II) chloride—
water (1/4) was effected with thionyl chloride (cf. Pray, A. R. Inorg.
Synth. 1954, 5, 153-156).

(6) Rice, M. J. Nucl. Sci. Abstr. 1956, 10, No. 1641. Gmelin, L.
“Handbuch der anorganischen Chemie, Mn, Teil C5,
Halogenverbindungen”; Verlag Chemie: Weinheim, 1978; p29.

(7) The reagent generated from 1:1 mixture of MnCl, and LiAlH, gave
the best results in the reaction. When smaller or larger amounts of
LiAIH, were used, the yields of the adducts were lower. For example, the
reagent generated from MnCl,-LiAlH, (2:1) gave the adduct of run 1
(Table I) in 75% yield. When the reagent from MnCl,-LiAlH, (4:1) was
used for the same reaciton, 1,2-diphenylethane-1,2-diol was produced in
35% yield. In the case of MnCl,-LiAlH, (1:2), benzyl aleohol was the
major product.

(8) The results surprisingly contrast with those of chromium (threo
selective)? and tin (erythro selective).'?

(9) Hivama, T.; Kimura, K.; Nozaki, H. Tetrahedron Leit. 1981, 21,
1037-1040. Hiyama, T.; Okude, Y.; Kimura, K.; Nozaki, H. Bull. Chem.
Soc. Jpn. 1982, 55, 561-568. See also: Yamamoto, Y.; Maruyama, K.
Tetrahedron Lett. 1981, 22, 2895-2899. Sato, F.; lida, K.; Iijima, S.;
Moriya, H.; Sato, M. J. Chem. Soc., Chem. Commun. 1981, 1140-1141.

(10) Yatagai, H.; Yamamoto, Y.; Maruyama, K. JJ. Am. Chem. Soc.
1980, 102, 4548-4550.

(11) Buse, C. T.; Heathcock, C. H. Tetrahedron Lett. 1978, 1685-1689.

(12) Cherest, M. Tetrahedron 1980, 36, 1593-1598. Selective equato-
rial attack is realized by alternative methods. See: ref 9 and Naruta, Y.;
Ushida, S.; Maruyama, K. Chem. Lett. 1979, 919-923.
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Table I. Carbonyl Addition of the Allylic Unit by ‘“Mn(0)’’ Reagent
run aldehyde or ketone allylic halide @ product (% yield, ? ratio)
1 C,H,CHO AB C,H,CHCH,CH=CH, (93)
OH
2 p-BuOC,H,CHO AB p-BuOC,H,CHCH,CH=CH, (62)
OH
3 p-CIC,H,CHO AB p-CIC,H,CHCH,CH=CH, (68)
OH
4 n-C,H, CHO AB n-C,H,,CHCH,CH=CH, (71)
OH
5 i-C;H,CHO AB i-CsH7(|3HCH2CH=CH2 (50)
OH
6 t-C,H,CHO AB t-C.H,CHCH,CH=CH, (60)
OH
7 C.H,CHCHO AB C.H,CH-CHCH,CH=CH, (92, 19:81)°
Me Me OH
8 C,H,COMe AB C.H,C(Me)CH,CH=CH, (85)
OH
9 C>=o AB O(v (81)
CH
10 C,H,CH=CHCHO AB Cﬁ,HSCH=CH?HCHZCH=CH2 (65)
OH
11 NN AB 7 58
cHo Vj;\/ (58)
12 0 AB 7 (49)
13 C,H,CHO CB C.H,CH-CHCH=CH, (78, 35:65)°
OH Me
14 n-C,,H,,CHO CB n-C,,H,,CH-CHCH=CH, (58, 35:65)°
OH Me
15 i-C,H,CHO CB i-CSI-I7(|JH-(]Z‘HCH=CH2 (61, 53:47)¢
OHMe
16 t-C,H,CHO CB t-C4H9(EH-C|?HCH=CH2 (46, 53:47)¢
OH Me
17 SN CB %/4/ (56, 30:70)¢
OH
18 +<:>= CB +<—_—><</ (100, >99:1)¢
19 —0—<:>:o AB W (82, 69:31)¢
20 C.H;CHO PB CéHs(llHC(Me)ZCH=CH2 (27)
OH
21 C,H,CHO AP C6H5(13HCH2CH=CH, (70)
OH
22 C,H,CHO AC C.H,CHCH,CH=CH, (32)
OH

2 AB = allyl bromide, CB = crotyl bromide, PB = prenyl bromide, AP = allyl diethyl phosphate, and AC = allyl chloride.
b Isolated yield after purification by column chromatography. ¢ The ratio of threo:erythro. Cf.ref 9. ¢ The ratio of
axial alcohol:equatorial alcohol. See ref 9.

bromide (run 20). (7) Allyl phosphate and chloride can
be used in place of the bromide (runs 21 and 22).14 Butyl
or methyl iodide did not give the corresponding adduct.

(8) Since details of the “Mn(0)” reagent are unclear, the
reagent usually employed was twice the molar amount of
allyl halides. Although the stoichiometric amount of the
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reagent and allyl halides should be sufficient for the re-
action, a little excess amount of halides is used for the sake
of effective addition.

A typical experimental procedure is as follows. Lithium
aluminum hydride (0.152 g, 4.0 mmol)*® was added por-
tionwise to a THF (10 mL) suspension of anhydrous
manganese(II) chloride (0.50 g, 4.0 mmol) at 0 °C under
an argon atmosphere. Spontaneous hydrogen evolution
was observed, and a black fine suspension was produced.
After the mixture was stirred at 0 °C for 30 min and at
room temperature for 1 h, allyl bromide (0.174 mL, 2.0
mmol) dissolved in THF (5 mL) was added at room tem-
perature, and the reaction mixture was stirred for 1.5 h.
Benzaldehyde (0.143 mL, 1.41 mmol) in THF (5 mL) was
then added to the reaction mixture, and the whole was
stirred for 1.5 h at room temperature. Water (ca. 20 mL)
was added, and the organic layer was extracted with ether.
The ethereal layer was dried over anhydrous magnesium
sulfate and concentrated. Chromatography of the residue
on silica gel gave 1-phenyl-3-buten-1-ol (0.194 g, 93%
yield).

Since chemoselective carbonyl addition is also observed
for alkylmanganese iodides which are generated by metal
exchange of alkyllithium with manganese(II) iodide,'¢ C-C
bond formation with manganese reagents will find ex-
panding application. Synthetic studies dealing with low-
valent manganese reagents are currently in progress in our
laboratories.

Registry No. C;H;CHO, 75-07-0; p-BuOC;H,CHO, 5736-88-9;
p-CleH4CHO, 104'88’1; n-CmeCHO, 112-44-7, i'CgH7CHO, 78-
84-2; t-C,HyCHO, 630-19-3; C¢gH;CH(Me)CHO, 93-53-8; C;H;COMe,
98-86-2; C.H;CH=CHCHO, 104-55-2; (E)-CH;CH=CHCHO, 123-
73-9; CgH;CH(OH)CH,CH=CH,, 936-58-3; p-BuOC;H,CH(OH)-
CH,CH=CH,, 82431-49-0; p-CICcH,CH(OH)CH,CH=CH,, 14506-
83-3; n-C,H,,CH(OH)CH,CH=CH,, 26496-21-9; i{-C;H,CH(OH)-
CH,CH=—CH,, 32815-70-6; t-C,H,CH(OH)CH,CH=CH,, 19550-89-
1; C¢H,CH(Me)CH(OH)CH,CH=CH, Isomer I, 80410-52-2;
CcH;CH(Me)CH(OH)CH,CH=CH, Isomer II, 80401-09-8; C¢H;C-
(OH)(Me)CH,CH=CH,, 4743-74-2; C;H;CH=CHCH(OH)CH,C-
H=CH,, 13891-95-7; (E)-CH;CH=CH-—CH(OH)CH,CH=CH,,
24581-03-1; CgH;CH(OH)CH(Me)CH=CH, Isomer I, 52922-19-7;
CsH;CH(OH)CH(Me)CH=CH,; Isomer II, 52922-10-8; n-C,;H,,CH-
(OH)CH(Me)CH=CH, Isomer I, 82431-51-4; n-C,,H,CH(OH)CH-
(Me)CH=CH, Isomer II, 82431-52-5; i-C;H,CH(OH)CH(Me)CH=
CH, Isomer 1, 1502-90-5; i-C;H,CH(OH)CH(Me)CH=CH, Isomer
II, 1502-91-6; t-C,H,CH(OH)CH(Me)CH=CH, Isomer I, 1502-89-2;
t-CH,CH(OH)CH(Me)CH=CH, Isomer II, 1502-88-1; CH;,CH=
CHCH(OH)CH(Me)CH=CH, (E) Isomer I, 82468-21-1; CH,CH—=
CHCH(OH)CH(Me)CH=CH, (E)-Isomer II, 82468-22-2; C;H;CH-
(OH)C(Me),CH=CH,, 27644-02-6; C,H;CH(OH)CH,CH=CH,,
936-58-3; cyclohexanone, 108-94-1; 5-isopropenyl-2-methyl-2-cyclo-
hexenone, 99-49-0; p-tert-butylcyclohexanone, 98-53-3; 1-(2-
propenyl)cyclohexanol, 1123-34-8; 5-isopropenyl-2-methyl-1-(2-
propenyl)-2-cyclohexenol, 82431-50-3; cis-p-tert-butyl-1-(1-methyl-
2-propenyl)cyclohexanol, 75735-19-5; trans-p-tert-butyl-1-(1-
methyl-2-propenyl)cyclohexanol), 75735-06-7; cis-p-tert-butyl-1-(2-
propenyl)cyclohexanol, 42437-24-1; trans-p-tert-butyl-1-(2-
propenyl)cyclohexanol, 42437-23-0; allyl bromide, 106-95-6; crotyl
bromide, 4784-77-4; prenyl bromide, 870-63-3; allyl diethyl phos-
phate, 3066-75-9; allyl chloride, 107-05-1; manganese(II) chloride,
7773-01-5; manganese, 7439-96-5.

(13) The stereochemistry in the nucleophilic addition to eyclo-
hexanones has been discussed by Cieplak recently. According to his
theory, the crotyl anion is softer than the allyl anion, and therefore
equatorial attack is preferred in the crotyl addition. Cieplak, A. S. J. Am.
Chem. Soc. 1981, 103, 4540-4552. See also: Gaudemar, M. Tetrahedron
1976, 32, 1689-1691.

(14) Kimura, K.; Takai, K.; Nozaki, H. The 45th National Annual
Meeting of Chemical Society of Japan, 3C38, Tokyo, 1982.

(15) Purchased from A. G. Metalgeselschaft West Germany.

(16) Cahiez, G.; Normant, J. F. Tetrahedron Lett. 1977, 3383-3384;
Bull. Soc. Chim. Fr. 1977, 570. Cahiez, G.; Bernard, D.; Normant, J. F.
Synthesis 1977, 130-133. Cahiez, G. Tetrahedron Lett. 1981, 22, 1239,
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Summary: The compounds [M(NO),(CH;CN),](BF,),; (2,
M = Mo; 3, M = W) were synthesized through reactions
of the corresponding metal hexacarbonyls with 2 equiv of
NOBF, in acetonitrile. These compounds catalyze the
polymerization, oligomerization, and rearrangement of
olefins.

In previous communications,! we had demonstrated,
using [Pd(CH4CN),](BF ), 1, as an example, that incipient
carbonium ions may be generated by the interaction of
olefins with electrophilic transition-metal centers and that
such species may play an important role in transition-
metal-catalyzed oligomerization, polymerization, and re-
arrangement of olefins. We now show, using cationic
compounds of molybdenum and tungsten as examples, that
the above-mentioned process is indeed quite general and
with small variations is also observed for “early” transi-
tional elements.

The compounds cis-[Mo(NO),(CH;CN),](BF,),,2 2, and
cis-[W(NO),(CH;CN),(BF,),,2* 8, were synthesized
through the reactions of the corresponding metal hexa-
carbonyls with 2 equiv of NOBF, in acetonitrile (eq 1).

CH,CN
M(CO)B + 2NOBF4 W

[M(NO),(CH;CN),J(BF), + 6 CO (1)
2, M= Mo

3 M=W

Following precipitation by diethyl ether, dark green hy-
groscopic solids were isolated. The 'H NMR spectra (in
CD;NQ,) of both 2 and 3 exhibited two absorptions of
equal intensity at 2.65 and 2.55 ppm, respectively, which
is an indication of cis configuration of NO groups around
the metals. In CD4;CN, for freshly prepared solutions of
both 2 and 3, only one peak at 2.55 ppm is visible together
with a peak at 1.95 ppm corresponding to uncomplexed
CH,CN, perhaps indicating the greater lability of two of
the four bound CH;CN molecules. Furthermore, when the
solutions were left standing for several hours at room
temperature, the peak at 2.55 ppm for both 2 and 3 dis-
appears completely together with an increase in intensity
of the peak at 1.95 ppm. Thus all four CH;CN molecules
in 2 and 3 are labile and exchange with free CH;CN
molecules (eq 2).
M(NO),(CH;CN)2* + 4CD;CN ——
2, M = Mo B
3, M=W
M(NO),(CD,CN) 2* + 4CH,CN (2)

(1) For previous parts in this series, see: (a) Sen, A.; Lai, T.-W. J. Am.
Chem. Soc. 1981, 103, 4627. (b) Organometallics 1982, 1, 415,

(2) (a) [Mo(NO),(CHzCN),J(BFy),, 2: IR (Nujol) #(C==N) 2360, 2310
em™?, 3(NO) 1860, 1760, 1730 cm™, 3(BF,”) 1200-1000 cm™. Anal. Caled
for MoCgH;3NgO,B,Fg: C, 19.5; H, 2.5. Found: C, 19.0; H, 24. (b)
[W(NO),(CH3CN),[(BF,)q, 3: IR (Nujol) 5(C=N) 2330, 2300 cm™?; »(NO)
1860, 1820, 1770, 1730 em™; »(BF,") 1200~-1000 cm™; conductivity (C-
H,CN) slope (A, — A, vs. C/?) = 355, Anal. Calcd for WCgH;:N¢O,B,Fy:
C, 16.4; H, 2.1. Found: C, 16.7; H, 2.1.
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reagent and allyl halides should be sufficient for the re-
action, a little excess amount of halides is used for the sake
of effective addition.

A typical experimental procedure is as follows. Lithium
aluminum hydride (0.152 g, 4.0 mmol)*® was added por-
tionwise to a THF (10 mL) suspension of anhydrous
manganese(II) chloride (0.50 g, 4.0 mmol) at 0 °C under
an argon atmosphere. Spontaneous hydrogen evolution
was observed, and a black fine suspension was produced.
After the mixture was stirred at 0 °C for 30 min and at
room temperature for 1 h, allyl bromide (0.174 mL, 2.0
mmol) dissolved in THF (5 mL) was added at room tem-
perature, and the reaction mixture was stirred for 1.5 h.
Benzaldehyde (0.143 mL, 1.41 mmol) in THF (5 mL) was
then added to the reaction mixture, and the whole was
stirred for 1.5 h at room temperature. Water (ca. 20 mL)
was added, and the organic layer was extracted with ether.
The ethereal layer was dried over anhydrous magnesium
sulfate and concentrated. Chromatography of the residue
on silica gel gave 1-phenyl-3-buten-1-ol (0.194 g, 93%
yield).

Since chemoselective carbonyl addition is also observed
for alkylmanganese iodides which are generated by metal
exchange of alkyllithium with manganese(II) iodide,'¢ C-C
bond formation with manganese reagents will find ex-
panding application. Synthetic studies dealing with low-
valent manganese reagents are currently in progress in our
laboratories.
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p-CleH4CHO, 104'88’1; n-CmeCHO, 112-44-7, i'CgH7CHO, 78-
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1976, 32, 1689-1691.

(14) Kimura, K.; Takai, K.; Nozaki, H. The 45th National Annual
Meeting of Chemical Society of Japan, 3C38, Tokyo, 1982.

(15) Purchased from A. G. Metalgeselschaft West Germany.

(16) Cahiez, G.; Normant, J. F. Tetrahedron Lett. 1977, 3383-3384;
Bull. Soc. Chim. Fr. 1977, 570. Cahiez, G.; Bernard, D.; Normant, J. F.
Synthesis 1977, 130-133. Cahiez, G. Tetrahedron Lett. 1981, 22, 1239,
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Summary: The compounds [M(NO),(CH;CN),](BF,),; (2,
M = Mo; 3, M = W) were synthesized through reactions
of the corresponding metal hexacarbonyls with 2 equiv of
NOBF, in acetonitrile. These compounds catalyze the
polymerization, oligomerization, and rearrangement of
olefins.

In previous communications,! we had demonstrated,
using [Pd(CH4CN),](BF ), 1, as an example, that incipient
carbonium ions may be generated by the interaction of
olefins with electrophilic transition-metal centers and that
such species may play an important role in transition-
metal-catalyzed oligomerization, polymerization, and re-
arrangement of olefins. We now show, using cationic
compounds of molybdenum and tungsten as examples, that
the above-mentioned process is indeed quite general and
with small variations is also observed for “early” transi-
tional elements.

The compounds cis-[Mo(NO),(CH;CN),](BF,),,2 2, and
cis-[W(NO),(CH;CN),(BF,),,2* 8, were synthesized
through the reactions of the corresponding metal hexa-
carbonyls with 2 equiv of NOBF, in acetonitrile (eq 1).

CH,CN
M(CO)B + 2NOBF4 W

[M(NO),(CH;CN),J(BF), + 6 CO (1)
2, M= Mo

3 M=W

Following precipitation by diethyl ether, dark green hy-
groscopic solids were isolated. The 'H NMR spectra (in
CD;NQ,) of both 2 and 3 exhibited two absorptions of
equal intensity at 2.65 and 2.55 ppm, respectively, which
is an indication of cis configuration of NO groups around
the metals. In CD4;CN, for freshly prepared solutions of
both 2 and 3, only one peak at 2.55 ppm is visible together
with a peak at 1.95 ppm corresponding to uncomplexed
CH,CN, perhaps indicating the greater lability of two of
the four bound CH;CN molecules. Furthermore, when the
solutions were left standing for several hours at room
temperature, the peak at 2.55 ppm for both 2 and 3 dis-
appears completely together with an increase in intensity
of the peak at 1.95 ppm. Thus all four CH;CN molecules
in 2 and 3 are labile and exchange with free CH;CN
molecules (eq 2).
M(NO),(CH;CN)2* + 4CD;CN ——
2, M = Mo B
3, M=W
M(NO),(CD,CN) 2* + 4CH,CN (2)

(1) For previous parts in this series, see: (a) Sen, A.; Lai, T.-W. J. Am.
Chem. Soc. 1981, 103, 4627. (b) Organometallics 1982, 1, 415,

(2) (a) [Mo(NO),(CHzCN),J(BFy),, 2: IR (Nujol) #(C==N) 2360, 2310
em™?, 3(NO) 1860, 1760, 1730 cm™, 3(BF,”) 1200-1000 cm™. Anal. Caled
for MoCgH;3NgO,B,Fg: C, 19.5; H, 2.5. Found: C, 19.0; H, 24. (b)
[W(NO),(CH3CN),[(BF,)q, 3: IR (Nujol) 5(C=N) 2330, 2300 cm™?; »(NO)
1860, 1820, 1770, 1730 em™; »(BF,") 1200~-1000 cm™; conductivity (C-
H,CN) slope (A, — A, vs. C/?) = 355, Anal. Calcd for WCgH;:N¢O,B,Fy:
C, 16.4; H, 2.1. Found: C, 16.7; H, 2.1.
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Table I. Catalytic Polymerization of Olefins by [M(NO),(CH,CN),](BF,), (M = Mo, W)?

monomer/ temp, yield,? -

catalyst monomer catalyst °C time % product My¢
Mo(NO),(CH,CN) 2** CH,=CHPh 250 25 4h >95 polymer 36000
Mo(NO),(CH,CN),** CH,=C(Me)Ph 100 25 1h >95 oligomers

3
Mo(NO),(CH,CN),** CH,=C(Me)Ph 200 0 2h >95 polymer 7000
Mo(NO),(CH,CN),** © 100 25 1 day >95 polymer 600
Mo(NO),(CH,CN),?* E 100 25 1 day >95 polymer d
W(NO),(CH,CN),** CH,=CHPh 250 25 4h 85 polymer 42000
W(NO),(CH,CN),** CH,=C(Me)Ph 200 25 1h >95 oligomers
W(NO),(CH,CN),** CH,=C(Me)Ph 200 0 6h >95 polymer 8500
W(NO),(CH,CN),** CH,=C(Me)Ph 200 -23 6h 85 polymer 36000
W(NO),(CH,CN),2* @ 100 25 1 day 65 polymer 3200
X

@ CH,NO, was used as solvent. The reactions were performed in an inert atmosphere glovebox. ? Yields reported are

those of isolated pure materials.
solutions of polymers in tetrahydrofuran.

¢ Molecular weights of polymers were determined by gel permeation chromatography using
The weights reported are those of standard polystyrene samples having gpc traces

similar to those observed. ¢ The polymer was insoluble in all common organic solvents.

A test of the ability of 2 and 3 to generate incipient
carbonium ions by interaction with olefins involved the
reaction of tert-butylethylene with these two compounds.
Indeed, like 1,2 2 and 3 were also found to catalyze the
skeletal rearrangement of tert-butylethylene to tetra-
methylethylene at room temperature in CH;NO, (eq 3).

In addition, 2 and 3 were also found to catalyze the C=C
bond migration in olefins, e.g., eq 4.

>—< >=< (4)

MINO)5{CH5CN) 2 ¥
B e SO
25 °C, Chgho,

M=Mo, W

If incipient carbonium ions are generated by the reaction
of 2 or 3 with olefins, then 2 and 3 should act as good
initiators for the cationic polymerization of olefins. In fact,
this has been observed and the results are summarized in
Table I. We had earlier proposed,!® the following sche-
matic mechanism for the oligomerization and polymeri-
zation of olefins by electrophilic transition-metal cations
(Scheme I). According to this mechanism, the chain
length of the polymer would depend on the relative rates
of chain propogation (step A) and chain termination by
loss of H* (step B or C). If step A is significantly slower
than step C, only dimers would be obtained. Furthermore,
if the activation energy for chain termination is greater
than that for chain propogation, then the molecular weight
would be expected to increase as the reaction temperature
is lowered,? and we find this to be true for the polymeri-

(3) This is one of the characteristic features of cationic polymerization
processes.*

(4) Allcock, H. R.; Lampe, F. W, “Contemporary Polymer Chemistry”;
Prentice-Hall: New Jersey, 1981; Chapter 4.

(5) (a) 'H NMR (CDCly): 7.4-7.0 (9 H, Ph), 2.45, 2.18 (2 H, ABq, J
= 12.8 Hz, CH,), 1.69, 1.32, 1.03 ppm (9 H, CH,). *C NMR {*H} (CDCl,):
150.9-148.7, 127.9-122.5, 59.4, 50.8, 42.8, 30.8, 30.4 ppm. Mass spectrum,
m/e 236 (M*), 221 (M - 15). (b) 'H NMR (CDCl,): 7.4-7.0 (14 H, Ph),
2.59, 1.92 (2 H, ABq, J = 13.4 Hz, CH,), 2.16, 1.70 (2 H, ABq, J = 14.6
Hz, CH,); 1.61, 1.28, 1.14, 0.95 ppm (12 H, CH;). 3C NMR {*H} (CDCl;):
153.7~148.3, 127.9-122.9, 57.4, 54.9, 51.2, 47.6, 38.6, 33.4, 30.8, 29.2, 28.6
ppm. Mass spectrum m/e 339 (M - 15).

Scheme I
V=] &

AN
J + HY — M 4 dimer
M
e
M 2l
A

mt]” LI
~ VAoVl
M+__/\/\/\/== + WY —= MZY 4+ polymer

zation of a-methylstyrene by either 2 or 3 (Table I). At
room temperature, only a mixture of head-to-tail cyclic
dimer (4)° and trimer (5)5® were formed (eq 5). Using
substrate/catalyst ratio of 100/1, ~1/3 mixture of 4 and
5 was obtained with 2 (90% yield in 1 h) and ~1/2 mix-
ture of 4 and 5 was obtained with 3 (76% yield in 1 h).

. MINORHCHCN) 42" . LoPh cH=CioHgPn
CHs==C(CH3)Ph T NG, (M)y™—CHz—C N _—
3
Ph cHz=Cn Ph Ph
~Ph(chyPh) ~Ph
(MJ™=—CHy=—C—CHs=C* e (MY CH C—CHC—CHCT
2 2 2 2 2
“CHy ~CHy
CHz CHy  CH3
)_H+ i"H*
Th
CHy CHy—(M) CH3CH2-—(‘I——CH2—(M)+
CH
3 (5)
CHs Ph CHyPh
e lw
Ph
CHaCH; CHy CHz—C——CHy
CHy
CHa Ph CHz Ph
4 5

M=Mo, W
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The head-to-tail cyclic dimer 1,1,3-triphenyl-3-methyl-
indan® was the sole product in the catalytic dimerization
of 1,1-diphenylethylene by either 2 or 3 at room temper-
ature (eq 6).

CH Ph
_ MINO),(CH3CN) 2+
CHZ—C< 25 °C, CHyNO, (6)
Ph
Ph Ph

M=Mo, W

The 'H NMR spectra of poly(1,3-cyclohexadiene) ob-
tained by using either 2 or 3 as catalyst exhibit three broad
resonances at 5.8 (H,), 2.0 (H,), and 1.6 ppm (Hy), the first
two representing respectively the vinylic and allylic protons
present in the polymer. Two possible types of polymers
(1,2 and 1,4) may arise through the cationic polymerization
of 1,3-cyclohexadiene,” and these, together with their ex-
pected 'H NMR data, are shown in Table IL.7¢ The ratio,
H,/Hj;, in the polymer obtained by using 3 as catalyst is
~().8, thus indicating that it is a mixture of 1,2- and 1,4-
poly(1,3-cyclohexadiene), with the latter predominating.
The ratio, H,/(H, + Hy), is a measure of the degree of
branching or cross-linking that is present in the polymer
(H,/(H, + Hg) = 0.33 for unbranched polymers and 0 for
completely cross-linked polymer). In the present case,
H,/(H, + Hg) = 0.30, thus indicating the presence of only
a very modest degree of cross-linking. The poly(1,3-
cyclohexadiene) obtained by using 2 as catalyst exhibits
structural features similar to the polymer described above.

The poly(norbornadiene) obtained through the reaction
of norbornadiene with either 2 or 3 appears to be virtually
insoluble in all common organic solvents, a feature indi-
cative of the presence of extensive cross-linking.® The
same polymer was also obtained starting with quadricy-
clane, which was converted to norbornadiene within sec-
onds, the latter, if left in the reaction mixture, being then

slowly polymerized (eq 7).
MINO}(CH CN)

A et Ay - g

M =Mo, W

It is important to distinguish between the chemistry
described above from that observed with H* as catalyst,
since the latter could, in principle, form through the in-
teraction of the electrophilic metal centers with either the
solvent or protic impurities. An important distinction
between the chemistry that we have observed for electro-
philic CH;CN-coordinated transition-metal cations such
as 1, 2, and 3 on one hand and HBF¢Et;0 on the other
is that unlike the latter species; the former compounds
were all significantly less reactive in CH3CN than in
CH,NO,. For example, while HBF ;Et,0 would initiate
the rapid polymerization of styrene at 25 °C in CH3CN,
2 and 3 were virtually inactive in this solvent. We ascribe
this to the failure of the olefin to compete successfully with
CH,CN for the coordination sphere of the metal, when the
latter is used as the solvent, and would appear to indicate
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Table II. Expected 'H NMR Data for
Poly(1,3-cyclohexadiene)

I He Hs s

\ o Hg
% §-<Hﬁ
Hy Hg d N,
Fo Ha Ha qo Yo
1,2-poly- 1,4-poly-
(cyclohexadiene) (cyclohexadiene)
Ho/(He + Hg) 1/8 1/3
H,/Hg 1/1 1/2

a direct participation of the metal in the polymerization
process. In fact, there exists a marked gradation in the
catalytic activity of the CH3;CN-coordinated transition-
metal cations as a function of the solvent. For example,
Pd(CHSCN)42+ initiated rapid polymerization of styrene
in both CH,CN and CH,NO,,'* while M(NO)Z(CH«é;CN)‘i2+
(M = Mo, W) initiated this polymerization only in CH,-

NO,. On the other hand, M(CH,CN)2* (M = Co, Ni) did
not polymerize styrene in CH;CN and did so extremely
slowly (days vs. hours for 2 and 3) in CH;NO,. This gra-
dation in catalytic activity appears to be a direct function
of the substitutional lability of the coordinated CH;CN
ligands. Indeed it is remarkable that compounds of the
type M(CH;CN), (PPhy),%* (M = Ni, Co) were converted
quantitatively to M(CH30N)62+ on dissolution in CH;CN.

The following observations also serve to distinguish be-
tween the chemistry observed with 2 and 3 on one hand
and HBFEt,0 on the other. The polystyrene obtained
by using 3 as catalyst has a slight syndiotacticity, whereas
that obtained through the use of HBF-Et,0 is random.
The predominant product in the room temperature oli-
gomerization of a-methylstyrene by 2 and 3 was the cyclic
trimer, 5 (vide supra), whereas the cyclic dimer 4 pre-
dominates (>80%) under the same condition when
HBFEt,0 is used as catalyst. Finally, the sequence of
reactions depicted in eq 7 took place in CH;CN (albeit
more slowly than in CH;NO,) by using 3 as catalyst,
whereas HBF ¢+Et,0 was virtually inactive.

In conclusion, it appears that the generation of incipient
carbonium ions by the interaction of olefins with electro-
philic transition-metal compounds is a general phenome-
non. Indeed a similar reactivity pattern has been observed
for the weakly ligated transition-metal cations [Pt(CH4C-
N),]J(BF,),,° [Rh(NO)(CH;CN),](BF,),,'* and [Fe(NO),-
(SOIV)n]X,u (SOlV = CHzclz, THF, CHacN; X= PFs, BF4,
Cl0,), and these reactions may well follow the same
mechanistic pathway. Finally, our postulate concerning
the formation of incipient carbonium ions through the
interaction of olefins with electrophilic transition-metal
centers has recently received support on theoretical
grounds.!? Furthermore, the crystal structures of several
metal complexes containing monosubstituted olefins con-
taining electron-donating substituents show,'® as expected,
that the metal—carbon distance to the unsubstituted car-
bon is significantly shorter than that to the substituted
carbon, since the incipient carbonium ion would be located
on the carbon bearing the electron-donating substituent.
This carbon is also the preferred site of attack by nu-
cleophiles.'8

(6) 'H NMR (CDCl,): 7.4-7.0 (19 H, Ph), 3.45, 3.10 (2 H, ABq, J =
12 Hz, CH,); 1.6 ppm (3 H, CHj). °C NMR {'H} (CDCls) 150. 5—147 5,
128.8~125.0, 61.4, 60.9, 51.2, 28.9 ppm. Mass spectrum m/e 360 (M™), 283
M -177).

(7) (a) Imanishi, Y.; Matsuzaki, K.; Yamane, T.; Kohjiya, S.; Okamura,
S. J. Macromol. Sei., Chem. 1969, A3, 249. (b) Kennedy, J. P. “Cationic
Polymerization of Olefins: A Critical Inventory”; Wiley Interscience:
New York, 1975; p 192.

(8) Reference 7b, p 223.

(9) de Renzi, A.; Panunzi, A.; Vitagliano, A.; Paiaro, G. J. Chem. Soc.,
Chem. Commun. 1976, 47.

(10) Connelly, N. G.; Draggett, P. T.; Green, M. J. Organomet. Chem.
1977, 140, C10.

(11) Ballivet-Tkatchenko, D.; Billard, C.; Revillon, A. J. Polym. Sci.,
Polym. Chem. Ed. 1981, 19, 1697.

(12) Eisenstein, O.; Hoffmann, R. J. Am. Chem. Soc. 1981, 103, 4308.

(13) Chang, T. C. T.; Foxman, B. M.; Rosenblum, M.; Stockman, C.
J. Am. Chem. Soc. 1981, 103, 7361.
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Summary: The combination of NaFe[n3-(CH;);C51(CO),
B ————

with CH;NCH,CH,N(CH,)PF in THF results in the forma-
tion of a metallophosphenium ion complex Fe[n°-

(CH,3)sC5](CO),[PN(CH,)CH,CH,NCH;].  The air-sensitive
compound has been characterized by IR and H, "*C{'H},
and *'P{'H} NMR spectroscopies and single-crystal X-ray
crystallography. The molecular structure contains a rel-
atively long Fe-P bond distance, 2.340 (2) A, and unlike
other monometallic phosphenium ion complexes the ge-
ometry about the phosphorus atom is pyramidal instead
of planar. The molecular structure is consistent with the
cyclic phosphenium ion acting as an electron acceptor
toward the electron-saturated Fe[7n%-(CH,)sC5](CO),”
fragment.

The interaction of selected aminohalophosphines with
metal carbonyl anions leads to the heterolytic cleavage of
the phosphorus-halogen bond and the formation of me-
tallophosphenium ion complexes.!® Molecular structure
determinations for two compounds, Mo(5%-C;H;)(CO),-

[PN(CH,)CH,CH,NCHj,] (1) and Co,(CO); [PN(CH;)C-
H,CH,NCHj;], (2), have revealed that the cyclic phos-
phenium ion, [PN(CH3)CHZCH2NCH3"’], may act as a
terminal or bridging ligand,?® and chemical properties and
bonding analyses have suggested that (R,N),P* species

have both ¢-donor and w-acceptor functionality.?® In
addition, intriguing similarities between phosphenium ions

(1) Light, R. W.; Paine, R. T. J. Am. Chem. Soc. 1978, 100, 2230.

(2) Hutchins, L. D.; Paine, R. T.; Campana, C. F. J. Am. Chem. Soc.
1980, 102, 4521.

(3) Hutchins, L. D.; Light, R. W.; Paine, R. T. Inorg. Chem. 1982, 21,
266.

(4) Thomas, M. G.; Kopp, R. W.; Schultz, C. W.; Parry, R. W. J. Am.
Chem. Soc. 1974, 96, 2646. Thomas, M. G.; Schultz, C. W.; Parry, R. W.
Inorg. Chem, 1977, 16, 994.
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and carbenes,” SO,,2 and NO® have now become apparent.
In this regard, we have briefly reported on the synthesis
of a phosphenium ion-iron complex, Fe(n®-C;H;)(CO),-

[PN(CH3)CH20H2NCH3] (3) from the combination of

NaFe(#%-C;H;)(CO);, and CHZNCH,CH,N(CH,)PF.!
However, attempts to fully characterize 3 have been
frustrated by decomposition reactions. We now wish to
report the synthesis, characterization and crystal structure
determination for the related complex Fe[r%-(CH;);C;]-

(CO),[PN(CH,;)CH,CH,NCH;] (4).10
Compound 4 was prepared by combination of CH;N-

CH,CH,N(CH,)PF!! with an equimolar amount of
NaFeCp*(CO),!%! in tetrahydrofuran (THF). No CO was
evolved, and a red, crystalline, air-sensitive solid was ob-
tained.’® The course of the reaction is summarized by eq
1. The absence of CO evolution suggests that the nature

CHyNCH;CH;N(CH,)PF + NaFeCp*(C0), —>

NaF + CHsﬂICHzCHzN(SHs)I"FeCp*(CO)2 1

of the phosphenium ion interaction with the FeCp*(CO),"
fragment is uniquely different from the metal-phosphe-
nium ion interactions in 1 and 2.

The compound was initially characterized by elemental
analysis and infrared and NMR spectroscopies.’® A com-

(5) Montemayor, R. G.; Sauer, D. T.; Fleming, S.; Bennett, D. W;
Thomas, M. G.; Parry, R. W. J. Am. Chem. Soc. 1978, 100, 2231. Bennett,
D. W.; Parry, R. W. Ibid. 1979, 101, 755.

(6) Cowley, A. H.; Kemp, R. A,; Wilburn, J. C. Inorg. Chem. 1981, 20,
4289, Cowley, A. H.; Cushner, M. C.; Szobota, J. 8. J. Am. Chem. Soc.
1978, 100, 7784. Baxter, S. G.; Collins, R. L.; Cowley, A. H.; Sena, S. F.
Ibid, 1981, 103, 714. Cowley, A. H.; Cushner, M. C.; Lattman, M.; McKee,
M. L,; Szobota, J. S.; Wilburn, J. C. Pure Appl. Chem. 1980, 52, 789.

(7) The chemistry, structures, and bonding in metal carbene com-
plexes have been described in several recent reviews: Cardin, D. J,;
Cetinkaya, B.; Lappert, M. F. Chem. Rev. 1972, 72, 545. Cotton, F. A;
Lukehart, C. M. Prog. Inorg. Chem. 1972, 16, 487. Brown, F. J. Prog.
Inorg. Chem. 1980, 27, 1. Fischer, E. O. Adv. Organomet. Chem. 1976,
14,1,

(8) The structures and bonding in metal-SO, complexes have been
recently reviewed: Ryan, R. R.; Kubas, G. J.; Moody, D. C,; Eller, P. G.
Struct. Bonding (Berlin) 1981, 46, 47.

(9) The structures and bonding in metal-nitrosyl complexes have been
reviewed: Enemark, J, H.; Feltham, R. D. Coord. Chem. Rev. 1974, 13,
339. Eisenberg, R.; Meyer, C. D. Acc. Chem. Res. 1975, 8, 26.

(10) Several reports of CpFe(CO),(carbene)* complexes have ap-
peared, and representative examples are described in the following ref-
erences: Fischer, E. O.; Kreis, G.; Kreissel, F. R.; Kreiter, C. G.; Muller,
J. Chem. Ber. 1973, 106, 3910. McCormick, F. B.; Angelici, R. J. Inorg.
Chem. 1979, 18, 1231. McCormick, F. B.; Angelici, R. J. Ibid. 1981, 20,
1111 and additional references can be found in ref 7. The formation of
monometallic FeCp(C0),80,%! compounds has not been reported; how-
ever, bimetallic complexes [FeCp(C0),],S0, and [FeCp(CO)],(CO)(SO,)
have been described: Churchill, M. R.; DeBoer, B. G.; Kalra, K. L. Inorg.
Chem. 1978, 12, 1649. Churchill, M. R.; Kalra, K. L. Ibid. 1650.

(11) Fleming, S.; Lupton, M. K.; Jekot, K. Inorg. Chem. 1972, 11, 2534.

(12) Abbreviations used in the text include tetrahydrofuran, THF and
pentamethylcyclopentadienide, Cp*.

(13) NaFeC{)*(CO)z was prepared by Na/Hg amalgam reduction of
[FeCp*(CO),),!* in THF solution.

(14) King, R. B.; Bisnette, M. B. J. Organomet. Chem. 1967, 8, 287.

(15) Compound 4 was isolated under inert-atmosphere conditions by
filtration of the reaction mixture followed by vacuum evaporation of the
THEF filtrate. The evaporate was extracted with benzene and filtered, and
a red solid (4) was recovered by vacuum evaporation of the benzene
filtrate. The yield was 90%. Sublimation (65 °C (107 torr)) resulted in
the recovery of pure, crystalline product: IR (carbonyl region, Nujol) 2002
(m), 1969 (8), 1954 (s), 1914 (s) cm™; NMR (32 °C, benzene) H 6 3.07 (m,
phosphenium ion methylene), 2.63 (d, *Jyucnp = 13.3 Hz, phosphenium
ion methyl), 1.67 (Cp* methyl), 1*C{!Hj}, & 217.9 (d, *Jopp = 3.0 Hz,
carbonyls), 95.89 (Cp* ring), 54.78 (d, 2Jcnp = 10.1 Hz, phosphenium ion
methylene), 35.23 (d, 2Jcnp = 21.3 Hz, phosphenium ion methyl), 9.31
(Jccrep = 10.3 Hz, Cp* methyl), #'P{'H} (85% H PO, standard), 5 285.9
(phosphenium ion phosphorus). Anal. Caled for FePO,N,C,¢Hy;: Fe
15.3; P, 8.5; 0, 8.8; N, 7.7; C, 52.8; H, 6.9. Found: Fe, 14.7; P, 8.1; O, 10.8;
N, 7.5; C, 51.6; H, 6.8.
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Demonstration of Phosphenlum Ion Acceptor
Properties
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Summary: The combination of NaFe[n3-(CH;);C51(CO),
B ————

with CH;NCH,CH,N(CH,)PF in THF results in the forma-
tion of a metallophosphenium ion complex Fe[n°-

(CH,3)sC5](CO),[PN(CH,)CH,CH,NCH;].  The air-sensitive
compound has been characterized by IR and H, "*C{'H},
and *'P{'H} NMR spectroscopies and single-crystal X-ray
crystallography. The molecular structure contains a rel-
atively long Fe-P bond distance, 2.340 (2) A, and unlike
other monometallic phosphenium ion complexes the ge-
ometry about the phosphorus atom is pyramidal instead
of planar. The molecular structure is consistent with the
cyclic phosphenium ion acting as an electron acceptor
toward the electron-saturated Fe[7n%-(CH,)sC5](CO),”
fragment.

The interaction of selected aminohalophosphines with
metal carbonyl anions leads to the heterolytic cleavage of
the phosphorus-halogen bond and the formation of me-
tallophosphenium ion complexes.!® Molecular structure
determinations for two compounds, Mo(5%-C;H;)(CO),-

[PN(CH,)CH,CH,NCHj,] (1) and Co,(CO); [PN(CH;)C-
H,CH,NCHj;], (2), have revealed that the cyclic phos-
phenium ion, [PN(CH3)CHZCH2NCH3"’], may act as a
terminal or bridging ligand,?® and chemical properties and
bonding analyses have suggested that (R,N),P* species

have both ¢-donor and w-acceptor functionality.?® In
addition, intriguing similarities between phosphenium ions

(1) Light, R. W.; Paine, R. T. J. Am. Chem. Soc. 1978, 100, 2230.

(2) Hutchins, L. D.; Paine, R. T.; Campana, C. F. J. Am. Chem. Soc.
1980, 102, 4521.

(3) Hutchins, L. D.; Light, R. W.; Paine, R. T. Inorg. Chem. 1982, 21,
266.

(4) Thomas, M. G.; Kopp, R. W.; Schultz, C. W.; Parry, R. W. J. Am.
Chem. Soc. 1974, 96, 2646. Thomas, M. G.; Schultz, C. W.; Parry, R. W.
Inorg. Chem, 1977, 16, 994.
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and carbenes,” SO,,2 and NO® have now become apparent.
In this regard, we have briefly reported on the synthesis
of a phosphenium ion-iron complex, Fe(n®-C;H;)(CO),-

[PN(CH3)CH20H2NCH3] (3) from the combination of

NaFe(#%-C;H;)(CO);, and CHZNCH,CH,N(CH,)PF.!
However, attempts to fully characterize 3 have been
frustrated by decomposition reactions. We now wish to
report the synthesis, characterization and crystal structure
determination for the related complex Fe[r%-(CH;);C;]-

(CO),[PN(CH,;)CH,CH,NCH;] (4).10
Compound 4 was prepared by combination of CH;N-

CH,CH,N(CH,)PF!! with an equimolar amount of
NaFeCp*(CO),!%! in tetrahydrofuran (THF). No CO was
evolved, and a red, crystalline, air-sensitive solid was ob-
tained.’® The course of the reaction is summarized by eq
1. The absence of CO evolution suggests that the nature

CHyNCH;CH;N(CH,)PF + NaFeCp*(C0), —>

NaF + CHsﬂICHzCHzN(SHs)I"FeCp*(CO)2 1

of the phosphenium ion interaction with the FeCp*(CO),"
fragment is uniquely different from the metal-phosphe-
nium ion interactions in 1 and 2.

The compound was initially characterized by elemental
analysis and infrared and NMR spectroscopies.’® A com-

(5) Montemayor, R. G.; Sauer, D. T.; Fleming, S.; Bennett, D. W;
Thomas, M. G.; Parry, R. W. J. Am. Chem. Soc. 1978, 100, 2231. Bennett,
D. W.; Parry, R. W. Ibid. 1979, 101, 755.

(6) Cowley, A. H.; Kemp, R. A,; Wilburn, J. C. Inorg. Chem. 1981, 20,
4289, Cowley, A. H.; Cushner, M. C.; Szobota, J. 8. J. Am. Chem. Soc.
1978, 100, 7784. Baxter, S. G.; Collins, R. L.; Cowley, A. H.; Sena, S. F.
Ibid, 1981, 103, 714. Cowley, A. H.; Cushner, M. C.; Lattman, M.; McKee,
M. L,; Szobota, J. S.; Wilburn, J. C. Pure Appl. Chem. 1980, 52, 789.

(7) The chemistry, structures, and bonding in metal carbene com-
plexes have been described in several recent reviews: Cardin, D. J,;
Cetinkaya, B.; Lappert, M. F. Chem. Rev. 1972, 72, 545. Cotton, F. A;
Lukehart, C. M. Prog. Inorg. Chem. 1972, 16, 487. Brown, F. J. Prog.
Inorg. Chem. 1980, 27, 1. Fischer, E. O. Adv. Organomet. Chem. 1976,
14,1,

(8) The structures and bonding in metal-SO, complexes have been
recently reviewed: Ryan, R. R.; Kubas, G. J.; Moody, D. C,; Eller, P. G.
Struct. Bonding (Berlin) 1981, 46, 47.

(9) The structures and bonding in metal-nitrosyl complexes have been
reviewed: Enemark, J, H.; Feltham, R. D. Coord. Chem. Rev. 1974, 13,
339. Eisenberg, R.; Meyer, C. D. Acc. Chem. Res. 1975, 8, 26.

(10) Several reports of CpFe(CO),(carbene)* complexes have ap-
peared, and representative examples are described in the following ref-
erences: Fischer, E. O.; Kreis, G.; Kreissel, F. R.; Kreiter, C. G.; Muller,
J. Chem. Ber. 1973, 106, 3910. McCormick, F. B.; Angelici, R. J. Inorg.
Chem. 1979, 18, 1231. McCormick, F. B.; Angelici, R. J. Ibid. 1981, 20,
1111 and additional references can be found in ref 7. The formation of
monometallic FeCp(C0),80,%! compounds has not been reported; how-
ever, bimetallic complexes [FeCp(C0),],S0, and [FeCp(CO)],(CO)(SO,)
have been described: Churchill, M. R.; DeBoer, B. G.; Kalra, K. L. Inorg.
Chem. 1978, 12, 1649. Churchill, M. R.; Kalra, K. L. Ibid. 1650.

(11) Fleming, S.; Lupton, M. K.; Jekot, K. Inorg. Chem. 1972, 11, 2534.

(12) Abbreviations used in the text include tetrahydrofuran, THF and
pentamethylcyclopentadienide, Cp*.

(13) NaFeC{)*(CO)z was prepared by Na/Hg amalgam reduction of
[FeCp*(CO),),!* in THF solution.

(14) King, R. B.; Bisnette, M. B. J. Organomet. Chem. 1967, 8, 287.

(15) Compound 4 was isolated under inert-atmosphere conditions by
filtration of the reaction mixture followed by vacuum evaporation of the
THEF filtrate. The evaporate was extracted with benzene and filtered, and
a red solid (4) was recovered by vacuum evaporation of the benzene
filtrate. The yield was 90%. Sublimation (65 °C (107 torr)) resulted in
the recovery of pure, crystalline product: IR (carbonyl region, Nujol) 2002
(m), 1969 (8), 1954 (s), 1914 (s) cm™; NMR (32 °C, benzene) H 6 3.07 (m,
phosphenium ion methylene), 2.63 (d, *Jyucnp = 13.3 Hz, phosphenium
ion methyl), 1.67 (Cp* methyl), 1*C{!Hj}, & 217.9 (d, *Jopp = 3.0 Hz,
carbonyls), 95.89 (Cp* ring), 54.78 (d, 2Jcnp = 10.1 Hz, phosphenium ion
methylene), 35.23 (d, 2Jcnp = 21.3 Hz, phosphenium ion methyl), 9.31
(Jccrep = 10.3 Hz, Cp* methyl), #'P{'H} (85% H PO, standard), 5 285.9
(phosphenium ion phosphorus). Anal. Caled for FePO,N,C,¢Hy;: Fe
15.3; P, 8.5; 0, 8.8; N, 7.7; C, 52.8; H, 6.9. Found: Fe, 14.7; P, 8.1; O, 10.8;
N, 7.5; C, 51.6; H, 6.8.
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plex, FeCp*(CO),L, would be expected to show two bands
in the terminal carbonyl stretching region. However, a
Nujol mull of 4 unexpectedly displays six bands in the
carbonyl region. Two weak absorptions at 1929 and 1747
cm™ are coincident with absorptions from [FeCp*(CO)],,
and the remaining four bands at 2002, 1969, 1954, and 1914
em™ may be tentatively assigned to two rotational isomers
of 4. Similar results have been reported previously for
FeCp(CO),X compounds where X introduces asymmetry
along the Fe-X bond axis.!® Examinations of solution-
phase infrared spectra of 4 are in progress.

The 'H and *C{'H} NMR spectra have been completely
assigned,!® and the data are consistent with the proposed
formulation of 4. The 3'P{'H} spectrum shows a sharp
singlet at 285.9 ppm which compares favorably with the
shifts observed for 1 (271.5 ppm)? and 2 (307 ppm).* The
large downfield ®'P shifts from the neutral ligand CH;-

NCH,CH,N(CH,)PF resonance (6 138) and loss of P-F
coupling are believed to be diagnostic of the formation of
phosphenium ions or metallophosphenium ion complex-
es.!8 Evidence for rotational isomers has not been found
in the 'H or *C NMR spectra recorded at 30 °C. This
observation is in accord with NMR studies of several
FeCp(CO),X complexes which display rotomers in their
infrared spectra.!” Apparently, rotation about the Fe—X
bond is rapid on the NMR time scale, and separate reso-
nances for the isomers are not detected. Low-temperature
NMR studies of 4 are planned.

A X-ray crystal structure determination!®!? of 4 verifies

the composition as Fe[r®-(CH,);C5](CO),[PN(CH,)-

CH,CH;NCHj], and a view of the molecular structure is
shown in Figure 1. The iron atom is bonded to a planar
Cp* ring in an 7° fashion with Fe-C(ring)(av) = 2.136 (8)
A, C(ring)-C(ring)(av) = 1.409 (11) A, and C(ring)-CHj(av)
= 1.512 (6) A These distances compare with related
distances in FeCp*, (5), Fe—C(ring)(av) = 2.050 (2) A,
C(ring)-C(ring)(av) = 1.419 (2) A, and C(ring)-CHj(av) =
1.502 (3) A, in FeCp*(C0),S0,CH,CH=CH(CH,) (6),
Fe—C(ring)(av) = 2.115 (16) A, C(ring)-C(ring)(av) = 1.431
(30) A, and C(ring)-CHs(av) = 1.509 (15) A, and in
[FeCp*(CO),), (7), Fe—C(ring)(av) = 2.144 (9) A, C-
(ring)-C(ring)(av) = 1.427 (2) A, and C(ring)-CHj(av) =
1.498 (2) A2 The Cp* methyl groups in 4 are bent out
of the ring plane and away from the Fe atom with methyl
carbon atom deviations of 0.063—0.187 A.*® The iron atom
is also bonded to two terminal CO ligands with Fe-CO(av)
=1.731 (7) A and C=0(av) = 1.158 (8) A. These distances
compare with the related distances in 6, Fe-CO(av) = 1.766
(7) A and C=0(av) = 1.145 (14) A, and in 7, Fe-CO(av)

(16) (a) Jetz, W.; Graham, W. A. G. J. Am. Chem. Soc. 1967, 89, 2773.
(b) Stanley, K.; Baird, M. C. Ibid. 1975, 97, 429. (c) Butler, L. S.; Sawai,
T. Inorg. Chem., 1973, 12, 1994. (d) Stanley, K.; Zelonka, R. A.; Thomson,
J.; Fiess, P.; Baird, M. C. Can. J. Chem. 1974, 52, 1781.

(17) For example, see references given in reg 16h.

(18) Compound 4 crystallizes in the orthorhombic space group P2,2,2,
with lattice constants @ = 7.914 (1) A, b = 8.832 (1) f: c = 26.308 (3) A,
Z =4,V =18389 (4) A% and puq = 1.31 g cm™. Diffraction data were
collected on a Syntex P3/F diffractometer by using Mo Ka radiation at
30 °C. The structure was solved by direct methods on 1416 independent
reflections with I = 2.6a(I). The structure was refined anisotropically on
all nonhydrogen atoms (isotropic on hydrogen atoms), and the final
discrepancy indices were Ry = 0.045 and R,r = 0.042.19

(19) Supplementary material: a full description of the structure so-
lution appears in these materials along with tables of observed and cal-
culated structure factors, non-hydrogen atom positional parameters, an-
isotropic thermal parameters, hydrogen atom positional parameters, a full
listing of bond distances and angles, and least-squares planes calculations.

(20) Freyberg, D. P.; Robbins, J. L.; Raymond, K. N.; Smart, J. C. J.
Am. Chem. Soc. 1979, 101, 892,

(21) Churchill, M. R.; Wormald, J. Inorg. Chem. 1971, 10, 572.

(22) Teller, R. G.; Williams, J. M. Inorg. Chem. 1980, 19, 2770.
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Figure 1. Molecular geometry and atom-labeling scheme for
Fe[n®-(CHy)5](CO)4[PN(CH4)CH,CH;NCHj].

= 1.753 (3) A and C=O0(av) = 1.154 (3) A. The C(11)-
Fe—C(12) angle in 4, 94.2 (3)°, is slightly more closed than
the corresponding angle in 6, 97.9 (4)°.

The structure of the iron atom—phosphenium ion frag-
ment is of primary interest. The geometry about the
phosphorus atom is clearly pyramidal with Fe-P = 2.340
(2) A, P-N(av) = 1.701 (6) A, Fe-P-N(1) = 114.8 (2)°,
Fe-P-N(2) = 109.4 (2)°, and N(1)-P-N(2) = 89.3 (3)°.
The Fe-P bond distance is long compared to the usual
range associated with Fe-P bonds which contain both a
dative P—Fe ¢-bonding component and a Fe—P w-back-
bonding component.?? The Fe-P distance in 4 is similar
to the distance in Fe(CO),[(t-Bu),P], 2.364 (1) A,* and the
latter Fe—P bond is considered to have only a weak P—Fe
o dative bond. The P-N bond lengths in 4 are consider-
ably longer than the distances found in 1, 1.641 (5) and
1.650 (5) A, 2, 1.637 (5)-1.664 (4) A, [(i-Pr,N),P*][AIC], ],
1.613 A% and the neutral phosphine ligand complex Fe-

(C0O),[CH,;NCH,CH,N(CH,)PF], 1.635 (5) and 1.642 (5)

A% In 1, the entire unit CHNCH,CH,N(CH;)PMo is
planar, and this plane bisects the Mo(CQ), plane. In 4,

on the other hand, the unit CH;NCH,CH,N(CH,)PFe is
pyramidal about the phosphorus atom, and the phosphe-
nium ion ring is bent toward the two CO ligands. Viewing
down the P-Fe axis, the P-N and Fe-CO bonds approach
an eclipsed configuration (torsion angle ~24°). The ni-
trogen atom geometry is approximately trigonal planar;
however, the phosphenium ion ring is puckered so that the
methyl and methylene carbon atoms on N(1) are below the
PN, plane and those on N(2) are above the PN, plane.

On the basis of the molecular structures, the bonding
in 4 must be distinctly different from the bonding in 1. In

1,2 the planarity of the CH;NCH,CH,N(CH;)PMo frag-
ment, the short Mo-P bond distance and the slightly
elongated P-N bond distances were used as evidence for
the operation of synergic P lone pair (8a;) to Mo atom ¢
donation and Mo atom to P (4b,) back-donation interac-
tions between the phosphenium ion and the formal 16-
electron fragment MoCp(CO),~.% In 4, the pyramidal
geometry requires a rehybridization (sp? to sp?) of the
phosphorus atom. This geometry and the quite long Fe-P
and P-N bond lengths are consistent with electron dona-

(23) Corbridge, D. E. C. “The Structural Chemistry of Phosphorus”;
Elsevier: Amsterdam, 1974.

(24) Pickardt, J.; Rosch, L.; Schumann, H. J. Organomet. Chem. 1976,
107, 241.

(25) Bennett, D. W.; Neustadt, R. J.; Parry, R. W.; Cagle, F. W. Acta
Crystallogr., Sect. B 1978, B34, 3362.
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tion from the 18-electron FeCp*(CO),” fragment to the
vacant LUMO (4b,) on the phosphenium ion.?” The
phosphorus atom lone pair is no longer considered to be
significantly involved in ¢ donation to the iron atom unit,
and consequently, the lone pair should be stereochemically
active.

Hoffmann and co-workers?® have examined in detail the
bonding in MCp(CO),L complexes. When M = Fe the
conceptual approach has involved the combination of
metal orbitals on the 16-electron fragment FeCp(CO),*
with ligand MOs having only ¢ donation (lone pair) or both
o donation and 7 back-donation ability. The formation
of complexes from the combination of a filled metal orbital
(3a’) on the 18-electron fragment FeCp(CO),™ with ligand
MOs having only electron accepting or both ¢ donor and
w-acceptor character was not considered.”? Compound 4
offers an ideal example of the latter case. It is expected
in 4 that electron donation from the occupied iron 3a’
orbital, which is primarily 3d,? in character, to an empty
phosphenium ion three center MO (4b,) which is anti-
bonding with respect to the P~N bonds would result in a
relatively weak Fe—P interaction and elongated P~N bonds.
This is the trend observed in the structural parameters,
and detailed MO calculations for 4 are in progress.

Finally, it is important to note that the structure of 4
is exactly that which would be predicted for the presently
unknown complex FeCp(C0),S0,. Other parallels between
metallophosphenium ion complexes and metal~-SO, com-
plexes also are currently of interest.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for the support of this research. We also
acknowledge NSF Grants CHE-7802921 and MPS-06111
which facilitated the purchase of the X-ray diffractometer
and the NMR data system. We also wish to recognize
continuing fruitful discussions and collaborations with R.
R. Ryan and D. C. Moody of Los Alamos National Labo-
ratory over the SO, analogy.

Registry No. 4, 82621-27-0; CH,NCH,CH,N(CH,)PF, 33672-91-
2; NaFeCp*(CO),, 82621-26-9.

Supplementary Material Available: A listing of observed
and calculated structure factors, positional parameters, anisotropic
thermal parameters, bond distances and angles, and least-squares
planes (20 pages). Ordering information is given on any current
masthead page.

(26) The important starting planar phosphenium ion orbitals in order
of increasing energy are 3b,, out-of-plane three-center bonding MO de-
localized over the PN unit (occupied), 8a;, in-plane MO predominantly
phosphorus lone pair in character (occupied), 4a, out-of-plane ligand
HOMO predominantly nitrogen lone pair in character (occupied), and
4b,, out-of-plane ligand LUMO delocalized over the PN, unit (unoccu-
pied). In 1, the P—~Mo ¢ donation primarily involves overlap of the ligand
8a; MO and the metal d,: orbital, and the Mo—P = back-donation in-
volves the overlap of the ligand 4b, LUMO and the metal d,, orbital.?

(27) Rehybridization of the phosphenium ion will not drastically affect
the frontier orbital arrangement of the ligand. It is anticipated that the
lone pair will occupy one sp® lobe and it should possess more p character
than the 8a; MO in the planar ligand. The LUMO (4b,) in the planar
ligand will remain as the LUMO in the pyramidal ligand and to a first
approximation the orbital will have more s character than in the planar
case. The ligand puckering is probably a response to the nitrogen atoms
distorting in an attempt to retain the delocalized three-center N-P-N
character in the LUMO (4b,).

(28) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J. Am.
Chem. Soc. 1979, 101, 585.

(29) CpFe(CO), may be conceptually formed by electron pair addition
into the 32’ LUMO of CpFe(CO),*. This MO is predominantly d,z in
character.
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Summary: Reaction of ethyllithium with [(u-CHRh(1,5-
cyclooctadiene)], in diethyl ether at ~-80 °C forms
[(u-C,Hg)Rh(1,5-cyclooctadiene)],. This dinuclear species
is thermally reactive and through a series of -hydride
elimination and dissociation steps yields [(x-H)Rh(1,5-
cyclooctadiene)],. This cluster is formally related to the
(HRhL,), cluster group defined for a dimer and trimer.

Polynuclear rhodium and iridium complexes have re-
sulted from the reaction of [(u-Cl)M(1,5-cyclooctadiene)],
with alkyl-, aryl-, and aralkyllithium reagents.! One of
these products, the novel [(u-H)Rh(1,5-cyclooctadiene)],
cluster, 1, is described here in terms of structure, dynamic
stereochemistry, and chemistry. Formally, this new cluster
is related to the coordinately unsaturated group of
[HRh(PY3),], clusters? initially described by us.>® This
structural class, rigorously established by X-ray and neu-
tron diffraction studies®®’® of a dimer and trimer, is
characterized by a local, nearly coplanar, four-coordinate
geometry (L,RhH,) for each rhodium atom. A projected
structure? for the tetramer in this class was a puckered
four-membered Rh, ring. In fact, the new [(u-H)Rh(1,5-
cyclooctadiene)], cluster can be described in these terms
(or as a conventional tetrahedral cluster).

Single crystals® of the toluene solvate of H,Rh,(1,5-
CgHyo),, 1, were, at 20 & 1 °C, orthorhombic of space group
Caz9,—C5 (No. 20y with a = 10.939 (2) A, b=19.285(5) A,
c= 31.548 (8) A, and Z = 8 [H4Rh4(CsH12)4'O.5CH3CSH5]
formula units (dgeq = 1.791 g em™®; u, (Mo Ka) = 1.91
mm™!). Three-dimensional X-ray diffraction data were
collected for 8182 independent reflections having 20y,k,
< 71° (the equivalent of 2.0 limiting Cu Ka spheres) on
a Nicolet P1 autodiffractometer using graphite-mono-
chromated Mo Ka radiation and full (1° wide) w scans.
The four rhodium atoms were located by using “direct
methods” techniques and the remaining non-hydrogen and
hydride hydrogen atoms with difference Fourier tech-
niques; positions for cyclooctadiene hydrogen atoms were

(1) Schmidt, G. F.; Muetterties, E. L.; Beno, M. A,; Williams, J. M.
Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 1318.

(2) Y = OR, F, and N(CHj),.

(3) Sivak, A. J.; Mustterties, E. L. J. Am. Chem. Soc. 1979, 101, 4878.

(4) Brown, R. K.; Williams, J. M.; Sivak, A. J.; Muetterties, F. L. Inorg.
Chem. 1980, 19, 370.

(5) Teller, R. G.; Williams, J. M.; Koetzle, T. F.; Burch, R. R.; Gavin,
R. M,; Muetterties, E. L. Inorg. Chem. 1981, 20, 1806.

(6) Meier, E. B.; Burch, R. R.; Muetterties, E. L.; J. Am. Chem. Soc.
1982, 104, 2661.

(7) Day, V. W,; Fredrich, M. F; Reddy, G. S.; Sivak, A. J.; Pretzer, W.
R.; Muetterties, E. L. J. Am. Chem. Soc. 1977, 99, 8091.

(8) Brown, R. K.; Williams, J. M.; Fredrich, M. F.; Day, V. W,; Sivak,
A. J.; Muetterties, E. L. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 2099.
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tion from the 18-electron FeCp*(CO),” fragment to the
vacant LUMO (4b,) on the phosphenium ion.?” The
phosphorus atom lone pair is no longer considered to be
significantly involved in ¢ donation to the iron atom unit,
and consequently, the lone pair should be stereochemically
active.

Hoffmann and co-workers?® have examined in detail the
bonding in MCp(CO),L complexes. When M = Fe the
conceptual approach has involved the combination of
metal orbitals on the 16-electron fragment FeCp(CO),*
with ligand MOs having only ¢ donation (lone pair) or both
o donation and 7 back-donation ability. The formation
of complexes from the combination of a filled metal orbital
(3a’) on the 18-electron fragment FeCp(CO),™ with ligand
MOs having only electron accepting or both ¢ donor and
w-acceptor character was not considered.”? Compound 4
offers an ideal example of the latter case. It is expected
in 4 that electron donation from the occupied iron 3a’
orbital, which is primarily 3d,? in character, to an empty
phosphenium ion three center MO (4b,) which is anti-
bonding with respect to the P~N bonds would result in a
relatively weak Fe—P interaction and elongated P~N bonds.
This is the trend observed in the structural parameters,
and detailed MO calculations for 4 are in progress.

Finally, it is important to note that the structure of 4
is exactly that which would be predicted for the presently
unknown complex FeCp(C0),S0,. Other parallels between
metallophosphenium ion complexes and metal~-SO, com-
plexes also are currently of interest.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for the support of this research. We also
acknowledge NSF Grants CHE-7802921 and MPS-06111
which facilitated the purchase of the X-ray diffractometer
and the NMR data system. We also wish to recognize
continuing fruitful discussions and collaborations with R.
R. Ryan and D. C. Moody of Los Alamos National Labo-
ratory over the SO, analogy.

Registry No. 4, 82621-27-0; CH,NCH,CH,N(CH,)PF, 33672-91-
2; NaFeCp*(CO),, 82621-26-9.

Supplementary Material Available: A listing of observed
and calculated structure factors, positional parameters, anisotropic
thermal parameters, bond distances and angles, and least-squares
planes (20 pages). Ordering information is given on any current
masthead page.

(26) The important starting planar phosphenium ion orbitals in order
of increasing energy are 3b,, out-of-plane three-center bonding MO de-
localized over the PN unit (occupied), 8a;, in-plane MO predominantly
phosphorus lone pair in character (occupied), 4a, out-of-plane ligand
HOMO predominantly nitrogen lone pair in character (occupied), and
4b,, out-of-plane ligand LUMO delocalized over the PN, unit (unoccu-
pied). In 1, the P—~Mo ¢ donation primarily involves overlap of the ligand
8a; MO and the metal d,: orbital, and the Mo—P = back-donation in-
volves the overlap of the ligand 4b, LUMO and the metal d,, orbital.?

(27) Rehybridization of the phosphenium ion will not drastically affect
the frontier orbital arrangement of the ligand. It is anticipated that the
lone pair will occupy one sp® lobe and it should possess more p character
than the 8a; MO in the planar ligand. The LUMO (4b,) in the planar
ligand will remain as the LUMO in the pyramidal ligand and to a first
approximation the orbital will have more s character than in the planar
case. The ligand puckering is probably a response to the nitrogen atoms
distorting in an attempt to retain the delocalized three-center N-P-N
character in the LUMO (4b,).

(28) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J. Am.
Chem. Soc. 1979, 101, 585.

(29) CpFe(CO), may be conceptually formed by electron pair addition
into the 32’ LUMO of CpFe(CO),*. This MO is predominantly d,z in
character.
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Summary: Reaction of ethyllithium with [(u-CHRh(1,5-
cyclooctadiene)], in diethyl ether at ~-80 °C forms
[(u-C,Hg)Rh(1,5-cyclooctadiene)],. This dinuclear species
is thermally reactive and through a series of -hydride
elimination and dissociation steps yields [(x-H)Rh(1,5-
cyclooctadiene)],. This cluster is formally related to the
(HRhL,), cluster group defined for a dimer and trimer.

Polynuclear rhodium and iridium complexes have re-
sulted from the reaction of [(u-Cl)M(1,5-cyclooctadiene)],
with alkyl-, aryl-, and aralkyllithium reagents.! One of
these products, the novel [(u-H)Rh(1,5-cyclooctadiene)],
cluster, 1, is described here in terms of structure, dynamic
stereochemistry, and chemistry. Formally, this new cluster
is related to the coordinately unsaturated group of
[HRh(PY3),], clusters? initially described by us.>® This
structural class, rigorously established by X-ray and neu-
tron diffraction studies®®’® of a dimer and trimer, is
characterized by a local, nearly coplanar, four-coordinate
geometry (L,RhH,) for each rhodium atom. A projected
structure? for the tetramer in this class was a puckered
four-membered Rh, ring. In fact, the new [(u-H)Rh(1,5-
cyclooctadiene)], cluster can be described in these terms
(or as a conventional tetrahedral cluster).

Single crystals® of the toluene solvate of H,Rh,(1,5-
CgHyo),, 1, were, at 20 & 1 °C, orthorhombic of space group
Caz9,—C5 (No. 20y with a = 10.939 (2) A, b=19.285(5) A,
c= 31.548 (8) A, and Z = 8 [H4Rh4(CsH12)4'O.5CH3CSH5]
formula units (dgeq = 1.791 g em™®; u, (Mo Ka) = 1.91
mm™!). Three-dimensional X-ray diffraction data were
collected for 8182 independent reflections having 20y,k,
< 71° (the equivalent of 2.0 limiting Cu Ka spheres) on
a Nicolet P1 autodiffractometer using graphite-mono-
chromated Mo Ka radiation and full (1° wide) w scans.
The four rhodium atoms were located by using “direct
methods” techniques and the remaining non-hydrogen and
hydride hydrogen atoms with difference Fourier tech-
niques; positions for cyclooctadiene hydrogen atoms were

(1) Schmidt, G. F.; Muetterties, E. L.; Beno, M. A,; Williams, J. M.
Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 1318.

(2) Y = OR, F, and N(CHj),.

(3) Sivak, A. J.; Mustterties, E. L. J. Am. Chem. Soc. 1979, 101, 4878.

(4) Brown, R. K.; Williams, J. M.; Sivak, A. J.; Muetterties, F. L. Inorg.
Chem. 1980, 19, 370.

(5) Teller, R. G.; Williams, J. M.; Koetzle, T. F.; Burch, R. R.; Gavin,
R. M,; Muetterties, E. L. Inorg. Chem. 1981, 20, 1806.

(6) Meier, E. B.; Burch, R. R.; Muetterties, E. L.; J. Am. Chem. Soc.
1982, 104, 2661.

(7) Day, V. W,; Fredrich, M. F; Reddy, G. S.; Sivak, A. J.; Pretzer, W.
R.; Muetterties, E. L. J. Am. Chem. Soc. 1977, 99, 8091.

(8) Brown, R. K.; Williams, J. M.; Fredrich, M. F.; Day, V. W,; Sivak,
A. J.; Muetterties, E. L. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 2099.
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calculated by using idealized geometry and were not
least-squares refined. The structural parameters of 45
independent (41 anisotropic non-hydrogen and 4 isotropic
hydride hydrogen) atoms were refined to convergence [R-
(unweighted, based on F) = 0.041 for 6082 independent
absorption-corrected reflections having I > 30(I)] using
full-matrix least-squares techniques.!!

The crystal is composed of tetranuclear HRh,(1,5-
cyclooctadiene), molecules, 1, and toluene molecules of
crystallization; thus, the cluster does not have the com-
position originally proposed.'®® A tetrahedron of idealized
D,; symmetry is defined by the four Rh atom positions.
Two tetrahedral edges are long, 2.971 (1, 31, 31, 2) A,%2 and
four are short and characteristic of Rh—-H-Rh (singly)
bridging distances,’ 2.802 (1, 5, 10, 4) A.1? Associated with
each of the four edges is one hydride hydrogen atom that
is within a bridge bonding distance of two rhodium atoms
(<1.91 A).13 This resultant Rh,H, core structure has
idealized S, symmetry. Peripherally, each rhodium atom
is bonded to the two olefinic units of a cyclooctadiene
ligand. The core structure is illustrated in Figure 1 (see
supplementary material for the full ORTEP presentation).

In this tetranuclear rhodium complex, each rhodium

(9) (a) For the synthesis and characterization of [(u-C;Hg)Rh(1,5-
cyclooctadiene)],, an all-glass apparatus equipped with Teflon stopcocks
was designed so that the reaction and all subsequent operations could be
effected at low temperatures and that the crude product could be purified
by dissolution, filtration and crystallization and then transferred by
dissolution in toluene-dg (NMR solvent) to an NMR tube. In the syn-
thesis of the ethyl complex, the reaction solutions and solids were never
allowed to warm above ~-70 °C. The reaction chamber was charged with
{{(u-CDHRh(1,5-cyclooctadiene)], (50 mg, 0.1 mmol) and diethyl ether (50
mL). Two equivalents of ethyllithium in diethyl ether (0.05 M) were
added. The slurry was stirred and then was cooled to ~78 °C. The
reaction system (dark red) was stirred for ~12 h. Two equivalents of
ethyllithium in diethyl ether (0.05 M) were added. Then the ether was
removed under high vacuum (<107 torr). The reaction system (dark red)
was stirred for ~12 h. The residue was extracted with pentane and the
pentane extract was filtered (under argon pressure through a frit of
medium porosity). Then the ether was removed under high vacuum
(<1078 torr). Removal of pentane under high vacuum yielded dark red
crystals. The residue was extracted with pentane and the pentane extract
was filtered (under argon pressure through a frit of medium porosity).
Toluene-dg (0.5 mL) was transferred onto the crystal. Removal of pen-
tane under high vacuum yielded dark red crystals. The resultant solution
was decanted into an NMR tube. Toluene-dg (0.5 mL) was transferred
onto the crystal. The latter was then cooled to —197 °C, evacuated, and
torch sealed: 'H NMR (=70 °C) 6 4.0 (s, 2, HC=), 3.6 (s, 2, HC=), 1.6
(m, 8, CH,), 0.6 (q, 2, ethyl CH,), —0.6 (t, 3, ethyl CHj, Jyy = 7.3 Hz);
IH {*H CHj; of ethyl group} 0.6 resonance became a triplet (coupling to
two Rh atoms). The resultant solution was decanted into an NMR
tube. The 'H NMR spectra were temperature invariant to ~20 °C where
conversion of [(u-C,H;)Rh(1,5-cyclooctadiene)], to [(u-H)Rh(1,5-cyclo-
octadiene)], and C;H, could be readily observed by NMR,; conversion was
complete at 20 °C in 0.5 h.

(b) For the synthesis and characterization off [(u-H)Rh(1,5-cyclo-
octadiene)],, Dri-box and Schlenk techniques were employed. A Schlenk
flask was charged with [(u-Cl)Rh(1,5-cyclooctadiene)], (100 mg, 0.2
mmol), diethyl ether (50 mL), and an argon atmosphere. The reaction
flask was cooled to ~78 °C, and the contents were rapidly stirred with a
magnetic stir bar. Two equivalents of either K[HB(0-i-C;H5)s] in tet-
rahydrofuran (~1.0 M) or C;H;Li in toluene (~0.1 M) was added to the
reaction system via a syringe-serum cap technique. On this addition, the
yellow reaction mixture turned dark red immediately. After being stirred
at -78 °C for ~1 h, the reaction mixture was allowed to warm to 20 °C
and stirring was continued for 3 h. Ether and other volatiles were re-
moved by evacuation. The residue was extracted with pentane (50 mL),
and then this pentane slurry was filtered. Crude 1 can be obtained
directly from this pentane solution to give crude yields in the 50~60%
range. Anal. Caled for Rh,C3H,e: C, 45.52; H, 5.73. Found: C, 45.8;
H, 6.0. To obtain very pure samples of 1, the following procedure was
followed. The above-mentioned pentane extract after filtration was
concentrated and passed through a short (5-cm) column of activated silica
gel. A short contact time on the column was essential to prevent extensive
decomposition on the column. The pentane eluate was concentrated and
then cooled to —30 °C to yield dark red crystals (~20 mg of crystals): 'H
NMR (toluene-dg, +30 °C) & 4.74 (s, 4), 2.22 (m, 4), 1.74 (d, 4, Jy.g = 7.5
Hz), -11.8 (quint, 1, Jgy.y = 14 Hz), At -50 °C, the high field hydride
resonance was a binomial quartet, Jg,-y = 19 Hz.

(10) All atoms in the cluster occupy general positions in the space
group. The toluene molecule has a crystallographic twofold axis.
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Figure 1. Perspective drawing (adapted from an ORTEP plot) of
the [(u-H)Rh(1,5-cyclooctadiene)], molecule, 1, as observed in the
solid state with toluene molecules of crystallization. Rhodium
atoms are represented by large open circles, carbon atoms by
medium-sized open circles, and hydrogen atoms by small open
circles. The molecule approximates idealized C, symmetry with
the pseudotwofold axis passing through the midpoints of the
Rh;-Rh, and Rhy-Rh, vectors. For clarity, the cyclooctadiene
hydrogen atoms are not depicted.

atom has four close contacts, two hydride ligands and two
midpoints, Co-m, of the olefinic bonds of a cyclooctadiene
ligand. Although there is a fifth atom, a hydride ligand,
at a long** but at what could be considered to be a nom-
inally bonding distance (=2.07 A), we tentatively suggest
that the immediate coordination sphere of each rhodium
atom can be considered to be four-coordinate, (Rh—
H-),Rh—(Cs-m),; these four bonding interactions have
distances that are fully consistent with this characteriza-
tion.457815 In g qualitative sense, this tetranuclear cluster
appears to have an electronic and geometric structure that
is a logical extension* of the four-coordinate H;RhP, units
in the formally related [(u-H)Rh[P(O-i-C3H;)s],]; dimer,
3, and [(u-H)Rh[P(OCHj,);],15 trimer, 4. Accordingly, we
portray this novel tetranuclear rhodium complex as a ring
structure as shown in projection as 5 in Figure 2.13

In both the dimer 3 and trimer 4, the four-coordinate
rhodium atoms have near coplanar form and near 90°
L-M-L intraligand angles. For the tetranuclear rhodium
complex, all H-Rh-H and (C,-m)-Rh—(C,-m) angles'® are
close to 90°, with respective ranges of 81-91° and
87.0-87.5°. However, the H-Rh—(C,-m) angles depart
more substantially from 90°, ranging from 87 to 104°; and
the dihedral angles between H-Rh-H and (C,-m)-
Rh-(Cy-m) planes are not zero but 16.6, 17.3, 30.2, and
32.2°. These departures from coplanarity in the local
H,Rh(Cy-m), coordination spheres are fully explicable:
were coplanarity maintained there would be impossibly

(11) All calculations were performed on a Data General Eclipse S-200
computer using locally modified versions of the Nicolet EXTL or
SHELXTL interactive software system.

(12) The first number in parentheses following an average value of a
bond length or angle is the root-mean-square estimated standard devia-
tion of an individual datum. The second and third numbers, when given,
are the average and maximum deviations from the averaged value, re-
spectively. The fourth number represents the number of individual
measurements which are included in the average value.

(13) An alternative conceptual view of the RhyH, core is a basic
idealized D,y Rh, tetrahedron with a hydrogen atom that appears to be
unsymmetrically located on each face such that the hydrogen atom is
closer to two rhodium atoms than the third that comprise the face.!* This
unsymmetric placement of hydrogen atoms on each face is so arranged
that the Rh,H, core appears to have idealized S, symmetry.

(14) These long distances are Rh,-H,,, = 2.07 (9) A, Rhy-H 5, = 2.14
(5), Rhy—H,4, = 2.24 (6) A, and Rh,~H,g, = 2.13 (7) A.

(15) The Rh—(C,-m) distances and (C,-m)-Rh—(C,-m) angles are com-
parable to those in (u-CHj),Rhy(1,5-cyclooctadiene),.!
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Figure 2. Depicted in projection, §, is the ring representation
of [(u-H)Rh(1,5-cyclooctadiene)],, 1, using the labeling convention
shown in Figure 1. In the projection 5 (and 7) the hydrogen atoms
have been moved away from the Rh—Rh vectors to improve the
clarity of the depiction. Illustrated in the sequence from left to
right of 5 — 6 — 7 is a geometric or physical process consistent
with a dynamic process observed for 1 in the 'H DNMR spectra.
Representation 6 is of the midpoint in the proposed process. The
illustrated one-step clockwise rotation of hydrogen atoms cannot
continue beyond 7 without traversing a higher energy midpoint,
explicitly different than 6, in which two hydrogen atoms would
be nestled between the “long” Rh;-Rh, (dashed line) and Rhy-Rh,
(dotted line) separations.

short interligand cyclooctadiene H-«H nonbonded sepa-
rations. Even with the observed departures from copla-
narity, the congested peripheral coordination sphere is
characterized by a number of short, interligand cyclo-
octadiene H--H separations, <2.4 A. Interestingly, there
is not a simple torsional twist of the cyclooctadiene ligands
with respect to associated RhH, planes but a folding of the
cyclooctadiene ligand (to varying degrees for each ligand)
such that one Co-m midpoint on each rhodium atom is
nearly 180° to the trans hydride ligand (the range is
170-175°), whereas the range for the other set of H-
Rh—(Cy-m) angles is 146-163°. It should be noted that the
representation of 1 as a ring structure 5 (Figure 2) seem-
ingly would require that nominally nonbonded interac-
tions!® such as Rh;—Rh, and Rh;-Rh, have relatively large
separations but these are not large, 3.002 and 2.940 A,
respectively. However, these small separations are a
necessary consequence of forming a four-membered ring
with near planar (Rh-H),~Rh~(C,-m), local coordination
spheres and with reasonable Rh—H-Rh bridge bond angles
(see discussions in ref 4 and 8). None of the bonding or
nonbonding distances, other than those specifically dis-
cussed above, is sufficiently unusual to merit separate
discussion.

Nuclear magnetic resonance studies of 1 for the solution
state are fully consistent with the solid-state structure.
The tetranuclear rhodium cluster is stereochemically
nonrigid. The observed dynamic processes are not only
easily rationalized by the idealized ring representation, 5
(Figure 2), but are a natural expectation from represent-
ation 5. At 30 °C, the 'H NMR spectrum consisted of
characteristic CH, and CH resonances for a complexed
cyclooctadiene ligand and a high field (~-11.8 ppm) hy-
dride resonance of binomial quintet form. The latter
feature indicates spectroscopic equivalence of hydride
hydrogen atoms and equivalent coupling of each hydride
hydrogen atom to all four rhodium atoms, I(1%*Rh) = 1/,.
As the temperature was lowered, the hydride resonance
altered in form and, at —40 °C, became a binomial quartet
that underwent no substantial further change down to -90
°C. The polynuclear form as established in this crystal-
lographic study (Figure 1 or representation 5 in Figure 2)
if stereochemically rigid would have a hydride resonance
of dominant triplet structure. However, a one-step
clockwise shift of hydrogen atoms as depicted for 5 — 7
(Figure 2) comprises a trivial shift of hydride hydrogen

(16) Other notable “short”, yet ostensibly nonbonded, distances are the
Rh-H separations listed in ref 14.
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atom positions and should encounter a very smali activa-
tion barrier. The net result would be a dominant and
nearly equivalent spin-spin coupling of each hydride hy-
drogen atom to three rhodium atoms to give basically a
quartet resonance as experimentally observed. However,
a further clockwise rotation of hydrogen atoms in 7, with
respect to the Rh, ring (which is energetically equivalent
to a counter clockwise shift in 5) should encounter a much
higher barrier. The midpoint in such a traverse would not
be identical with the midpoint, 6, for the process of 5 —
7, but rather would have the hydrogen atoms near to the
Rh;—Rh,; and Rh;-Rh, vectors—a much more congested
midpoint than 6. This second step (counterclockwise ro-
tation from 5 or clockwise rotation from 7) may be a rea-
sonable physical process for the NMR process that actually
converts the hydride quartet to a quintet. However, there
is a multitude of geometric processes that could be ad-
vanced as alternatives, including processes based on a
fluxionality of the basic Dyy Rh, tetrahedron.

Chemically, the tetramer 1 is not fully analogous to the
many other members of the established “square-planar”
HRhL, cluster class. The others all have phosphite or
phosphine ligands, and presumably, because of the rela-
tively high electron density on the metal atoms in these
derivatives, hydrogen (H,) addition®8 to give H,Rh,L, and
H;Rh,L,; adducts is a virtually instantaneous reaction. The
tetramer 1 with the more effective electron-acceptor cy-
clooctadiene ligands, explicably does not react rapidly with
hydrogen but only slowly with concomitant reduction of
the cyclooctadiene ligand and formation of rhodium metal.
However, in the presence of a reducible substrate like
ethylene the cluster is not decomposed by hydrogen, rather
the cluster selectively converts the ethylene to ethane
although at a low rate.

Fryzuk!” has recently reported the isolation of the in-
teresting {HRh[(CH0),PCH,CH,P(OCH,),}}, tetramer.
A crystallographic characterization of this tetramer with
location of the hydride hydrogen atom positions may
provide a critical test of our suggested formal represent-
ation of 1 as a ring structure. In addition, the Fryzuk
cluster should display a hydride hydrogen atom 'H DNMR
behavior analogous to [(u-H)Rh(1,5-cyclooctadiene)],, 1,
if our structural representation is correct.
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bond angles, a listing of structure factor amplitudes for crystalline
HRh,(CgH;,)4+0.5CH;CsH; (39 pages). Ordering information is
given on any current masthead page.
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Dietmar Seyferth, Joseph S. Merola, and Richard S.
Henderson: Preparation, Properties, and Chemical Re-
activity of Phospha- and Arsaacetylenedicobalt Hexa-
carbonyl Complexes, (RCE)Co,(CQO)q (E = P, As) 1982, 1,
859.

On page 863, structure 11 should be:
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Book Reviews

Advances in Inorganic Chemistry and Radiochemistry.
Volume 24, Edited by H. J. Emeleis and A. G. Sharpe. Academic
Press, New York. 1981. vii + 372 pages.

This volume of a valuable, popular, and well-established series
contains five unrelated reviews: A. A. Woolf on the thermo-
chemistry of inorganic fluorine compounds (54 pages), J. Burgess
and J. Kijowski on the preparation and solution thermochemistry
of anhydrous lanthanide, yttrium and scandium trihalides (48
pages), J. A. Davies on the coordination chemistry of sulfoxides
with metals (58 pages), A. Engelbrecht and F. Sladky (29 pages)
on selenium and tellurium fluorides, and B. F. G. Johnson and
J. Lewis on transition-metal molecular clusters (142 pages). As
is 8o often the case with review series the book will be of interest
mainly to specialists in the areas covered by the five topics al-
though most libraries and individual collectors will no doubt wish
to continue their purchases.

The first chapter by A. A. Woolf provides a unified, up to date
account of the measurement and chemical significance of ther-
mochemical bond energies for inorganic fluorides. The author
presents a critical evaluation of the advantages, precision, and
limits of calorimetric, equilibrium, and kinetic techniques for
enthalpy measurement and discusses methods for estimating heats
of fluorides based on bonding concepts, molecular or spectroscopic
properties, and periodic regularities or discontinuities. In the latter
part of the review trends in known thermochemical data for metal
and nonmetal fluorides are correlated with oxidation state,
electronic configuration, and molecular structure. This survey
will be a particularly valuable addition to the arsenal of those who
use the isoelectronic principle, group trends, and thermodynamics
in an effort to derive a semblance of order from the apparent chaos
of inorganic chemistry.

The principal goals of J. Burgess and J. Kijowski in the second
article are twofold: to survey methods available for the synthesis

of anhydrous lanthanide halides and to assemble thermodynamic
data for the halides in aqueous and nonaqueous solution. This
area owes a considerable debt to Matignon for his work at the
turn of the century, a fact made clear by the authors who have
made a laudable effort to gain historical perspective by comparing
early and latter day enthalpy values. The article is well referenced
and should prove to be a very useful information source for
workers in the rare-earth field.

The article by Davies on sulfoxide—transition metal coordination
chemistry extends and updates a 1970 review of Me,SO complexes
by W. L. Reynolds. Since that time the burgeoning use of X-ray
diffraction in inorganic chemistry has resulted in the acquisition
of a great deal of structural information on sulfoxide complexes.
Tabular summaries of important structural parameters are
presented. This data together with recent spectroscopic (IR,
NMR, electronic, ESCA) results are used to present an up to date
picture of metal-sulfoxide bonding and in another section cis-trans
influences of sulfoxides. The most disappointing aspect of
metal-sulfoxide chemistry is that despite the vast numbers of
complexes which have been prepared, relatively few truly useful
applications in stoichiometric synthesis or catalysis have been
found. The sections by Davies on oxygenation, deoxygenation,
and catalytic reactions confirm this view. The final 17 pages are
devoted to a group by group survey of recent sulfoxide complex
chemisty.

As the authors indicate the chapter on selenium and tellurium
fluorides is largely a progress report, bringing up to date (1979)
earlier reviews. One is impressed once again by the impact of
single-crystal X-ray diffraction on the structures of the heavy
group 6 fluorides and their derivatives. The article is presented
in a reportive rather than critical style, but researchers in the area
will find it useful as a comprehensive compilation.





