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Abstract: The ortho-metalated ruthenium complexes I and II react with ethylene to give ortho-ethylated phosphite products.
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Complex II reacts to give products with five and six ethy! groups/phosphorus P(O(2,6-Et,-C¢H;)),(0(2-Et-C(H,)) (III5) and
P(O(2,6-Et;-C4H3)); (I111), while complex I reacts to mainly give the phosphite products P(O(2,6-Et,-C¢H;)), (OPh) (111,)
and P(O(2,6-Et,-C¢H3)),(0(2-Et-C¢H,)) (1115). Complex 1T and KOPh are cocatalysts for the selective ortho ethylation of
phenol with ethylene. The reaction of I with propylene results in a lower degree of alkylation, i.e., P(O(2,6-(i-Pr),-C¢H,))
(OPh), (IV,), than is obtained from ethylene. The product of the reaction of styrene with I gives low molecular weight polystyrene
containing a triphenyl phosphite end group. A proposed mechanism for the insertion reaction involves phosphite substitution
by ethylene, insertion (C—C bond formation) of ethylene into the Ru—C bond, ortho-metalation, and finally reductive elimination
to give an ethyl group. The proposed intermediates of the reaction are generated by use of acacRh(C,H,), (X), “phosphine

sponge”, and these intermediates are observed spectroscopically.

There is currently great interest in transition metal mediated
C-H bond activation,!”> One goal of this endeavor is to uncover
new routes to selective C—C bond formation.? Understanding the
mechanism by which a selective C—C bond-forming process occurs
is crucial for designing such a synthetic method.

Ortho-metalated complexes with the general structure shown
below, eq 1, were first synthesized in the mid-1960’s and are
recognized as among the first examples of C—H bond activation,%’
There are several examples of stoichiometric C—C bond formation
via insertion reactions of the type shown in eq 1, where X-Y is
a small molecule capable of inserting into the M—C bond of
ortho-metalatted complexes (X = carbon).%” For example, the

X—Y—M X—Y

—_M’ I
o—w’ OH
+ X—Y — —
)]

palladium complex

Me,
2

reacts with alkynes, RC==CR’, to give the insertion product

Or=<"10
Mez

Mez
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While there are a number of ortho-metalated complexes which
participate in stoichiometric C—~C bond formation, no catalytic
reactions of this type have been previously reported. Work in this
laboratory has focused on attempts to develop specific ortho-
metalated complexes which can be used to carry out C-C
bond-forming reactions. Recently, several groups have demon-
strated that repetitive H~D exchange could occur between D, and
the ortho position for a number of ortho-metalated systems.’"!!
For example, complex I reacts with D, to give complete deuteration
of all 24 ortho positions in I, eq 2."' Recent work in this laboratory

I + excess D, I' + HD + H, (2)
N D
e o, § .
N // P ’
Ru P=P(OPh) Ru P’=P(O )
0\/ \ s 3 s 3
(PhO),P ‘ P P’/ ‘ \P’
P P’
I T

has demonstrated that I can be used as a selective catalyst for
the ortho deuteration of phenols, eq 3.2 the KOPh in eq 3 is

OH OH

+ D, —— (3)

a cocatalyst for the transesterification step needed to replace the
substituted phenoxide in I’ (0(2,6-D,-C4H;), eq 2) with protio
phenoxide.

This report discusses the first example of selective, catalytic
C—C bond formation employing ortho-metalated complexes. The
reaction of ortho-metalated ruthenium complexes with olefins gives
complete alkylation of all the ortho positions in the molecule. The
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Table I. 3'P NMR and Mass Spectral Analyses for III,
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n isomer 3P NMR mass spectrum

0 P(O(CHj))s 128.1 310 (M*), 217-100% peak (M* — OPh)

I P(O(2-Et-C4H,))(O(CHs)), 129.1 338 (M*), 245 (M* - OPh), 217-100% peak (M* - O(2-Et-C4H,))

2 P(O(2,6-Et,-C¢H3))(O(C¢Hy)), 129.9 366 (M*), 273 (M* - OPh), 217-100% peak (M* - O(2,6-Et,-C¢H.))

2a P(O(2-Et-C4H,)),(O(C¢Hs)) 129.3 366 (M*) not found in GCMS

3 P(O(2,6-Et,-C¢Ha))(O(2-Et-CeHo))(O(CeHy)) 13409 394 (M*), 301 (M* - OPh), 273 (M* — O(2-Et-C¢H,)), 245-100%
peak, (M* - O(2,6-Et,-C4H3))

32 P(O(2-Et-C,H,)), 130.4 394 (M*) not found in GCMS

4  P(O(2,6-Et,-C¢H,)),(O(CHs)) 139.9 422 (M*), 329 (M* - OPh), 273-100% peak (M* - O(2,6-Et,-C(Hs))

42 P(O(2-Et-C¢H,))5(0(2,6-Et,-CHs)) 134.5 422 (M*), 301-100% peak (M* - O(2-Et-C4Hy)), 273 (M* -
0(2,6-Et,-C¢Ha))

5 P(O(2,6-Et,-CsH3)),(O(2-Et-C4H,)) 139.16 450 (M*), 329 (M* — O(2-Et-C4H,)), 301-100% peak (M* -
0(2,6-Et,-C¢Ha))

6  P(O(2,6-Et,-C¢Hj));s 14476 478 (M*), 329-100% peak (M* — O(2,6-Et,-C4H,))

reaction has been extended to include the first example of selective
ortho alkylation of phenol catalyzed by an ortho-metalated com-
plex. The mechanism of these reactions is discussed in detail.

Results and Discussion
Reactions with Ethylene. Two ruthenium complexes, I and II,"3
were employed in the present alkylation study. Both ruthenium

(PhOl,P~ ¢
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II (P P(OPh)y)

compounds I and II react above 120 °C with ethylene to give
complex product mixtures. The products are of two types: ru-
thenium complexes containing substituted phosphites and the
corresponding free phosphites. Discussion of the ruthenium
products will be addressed later in the paper.

Complex I reacts with ethylene according to eq 4 to yield the
free phosphites designated as III,, where » = number of ethy!
groups/phosphorus. Complex II reacts with ethylene to give a

P(o—@) (o—<@)2 +

200 *C, 100 psi, 3,5 h

I + CoHy THF
111,
4%
S0
111,
3%
PO )2(04@) + PO 0 ) +
111, III,
55% 32%
PO ) (4)

III¢
6%

(13) Garbauskas, M. F.; Kasper, J. S.; Lewis, L. N. J. Organomet. Chem.
1984, 276, 241.

somewhat different product mixture than that obtained for com-

plex I, eq 5. The total phosphite products from eqs 4 and §
200 *C, 100 psl, 2,5 h
II + C2H4 foluene
PO ) ) + PO )y (5)
IIIg III,
25% 75%

correspond to about 60% yield based on four P/Ru in the starting
materials (I and II). The remaining phosphorus atoms and alt
the ruthenium atoms end up in new ruthenium products (vide
infra).

The products III, were identified on the basis of LC, GC,
GCMS, FDMS, and 'H, *C, and *'P NMR analyses. Authentic
reference compounds are independently prepared by reacting PCl,
with phenol and ethy! and 2,6-diethylphenol in the presence of
triethylamine. Equation 6 shows the synthesis of 1115, P(O(2,6-
Et,-C4H3)), by this method, The products were separated by

OH

EtaN, Np
toluene, reflux

+ PCly PO )3 (6)

IIT¢

GC and identified on the basis of their mass and 3'P NMR spectra.
All the compounds give straightforward mass spectra which in-
clude the parent ion, The fragmentation pattern clearly distin-
guishes whether a molecule contains one disubstituted phenoxide
-0(2,6-Et,-C¢H;) or two singly substituted phenoxides ~O(2-
Et-C¢H,). All ten III, species possess unique *'P NMR resonances
which are given in Table 1.

As shown in Table I, the phosphites II1,, I1I;, and II], each
occur in two isomeric forms. The products from eq 4 include only
II1,, 1115, and III;; P(O(2,6-Et,-C¢H,))(OPh),, P(O(2,6-Et,-
CeH,))(0-(2-Et-C4¢H)(OPh), and P(O(2,6-Et;-C4H,)),(OPh),
respectively. The products 111, I1I,,, and III,, were not observed
from eq 4. The products III,, III;, and 111, have a higher degree
of double substitution on the phenoxide ring (O(2,6-Et,-C4H3))
as compared to III,,, IIIs, and II1,,, where single substitution
O(2-Et-C4H,) is predominant.

The insertion of ethylene into the Ru—C bond (eq 4 and 5) forms
the basis of a catalytic system for selective ortho alkylation of
phenol, eq 7. The reaction is analogous to the catalytic ortho
deuteration of phenol.!> Reaction 7 corresponded to about 15
turnovers of phenol per mol of ruthenium. The phenol products
were separated by distillation and identified on the basis of their
GC and *C NMR spectra (vs. authentic samples). Phenol was
not alkylated in the absence of ruthenium; a THF solution of
phenol and phenoxide was heated under ethylene pressure with
no alkylation observed.
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OH OH OH
95 pai, 177 °C, 3.5 h
+ CHa —7we, 11, woph + +
12% 13%
H
(7)
75%

The reactions of I and II with ethylene, eq 4 and 5, demonstrate
the first examples of repetitive alkyl substitution on an ortho-
metalated complex. In fact, since no free triphenyl phosphite (II1,)
was observed from eq 5, this reaction represents greater than 20
substitutions on the same metal. Equation 7 represents the first
example of an ortho-metalated complex catalyzing a C-C bond
forming reaction. This reaction proceeds with 100% selectivity
for the ortho position,

Propylene. I and propylene were reacted under analogous
conditions to eq 4 (eq 8) to give the isopropyl-substituted phos-
phites, IV,. The products IV, were separated by GC and analyzed

I + CaHe g P(O—@)s +
19%
PO )(04<§>)2 + PO )(o—@)2+
1v,
23%
v,
37%
IVs
17%
IV, IV
— S

4%

by GCMS and by high-resolution GCMS. It was immediately
clear that the total number of ortho positions in triphenyl phosphite
alkylated by propylene was much less than that substituted by
ethylene (compare eq 4 and 8). One explanation for this result
may be the greater steric bulk of the isopropy! group may limit
the degree of substitution attainable on the ortho positions within
the ortho-metalated complex,

A second set of observations relates to the degree of substitution
obtained on the tripheny! phosphite rings. The products IV, and
IV; were observed while their analogues IV,, and IV;, (P(O(2-
i-Pr-C¢H,)),(OPh) and P(O(2-i-Pr-C¢H,)); respectively) were
not detected. Trace amounts of IV, and IV,, were observed.
3C(APT) analysis of the product mixture from eq 8 shows that
isopropy! and not n#-propyl groups are present in IV,, The reactions
shown in eq 4 and 8 demonstrated that the second substitution
event takes place on a ring bearing an alkyl group in preference
to an unsubstituted ring,

Lewis and Smith
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Styrene. With styrene as the substrate, eq 9, a different type
of product was obtained. The toluene product solution from eq

o
A
@—O—P——-Ru—Ln il
/
@O

Reethyl, propyl; X=H. CHy

CH=CH,

3 h, 180 °C
toluene

H—tCH—CH, +
OP(OPh),

v
80%
H—+CH—CH,—5—H (9)

10%

9 was analyzed by LC using UV detectors at 254 and 280 nm
and found to contain a mixture of different types of oligomers.
It was significant that the major portion of the oligomers absorbed
strongly at 280 nm, where polystyrene does not absorb. The
polystyrene was isolated and separated from V as a white solid
by precipitation into methano!l and was identified on the basis of
its 3C NMR and by GPC (M, = 100000). The product V was
isolated as an oil from the methanol filtrate; analysis by GPC gave
M, = 2000. A three-dimensional GPC analysis (MW and UV
wavelength and absorbance measured simultaneously) showed that
the oligomer mixture V had a UV spectrum consistent with the
presence of a triphenyl phosphite end group. Analysis by FDMS
showed a pattern consistent with P(OPh); + (styrene),, n = 1-5.
The 'P NMR had a broad resonance (6 ppm wide at half-height)
at 126 ppm assigned to V. In addition, the 3*C NMR was con-
sistent with the assigned structure for V, This latter analysis
showed that V was atactic with respect to the orientation of the
styrene linkages.

It was of interest to determine if the reaction of eq 9 represented
interception of a growing polystyrene chain by ruthenium or if
the polystyrene grew on ruthenium followed by termination by
a phosphite ligand. The reaction of eq 9 was repeated in the
presence of 1 mol % phenol which is an inhibitor for thermal
styrene polymerization. Under these conditions, only 1% yield
of polystyrene was obtained while the yield and spectroscopic
properties of V were unaffected by the presence of phenol. These
results suggest that oligomerization of styrene may occur within
the ruthenium coordination sphere.

Other Substrates. The extension of the insertion reaction de-
scribed was attempted with other substrates. Carbon monoxide
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VIIa, L:P(OPh)s
b, L =H,C=CH,

VIIIa, L=P(OPh)
b, L=H,C=CH,

IXa, L=P(OPh)
b, L +H,C=CH,

gives simple substitution products but no insertion vide infra.
Phenylacetylene gives cyclotrimerization (triphenylbenzene
products). While interesting, this result is ndt germane to the
present investigation and will be described elsewhere,'* Olefins
such as

— NN

,=>(,=\ ,and=\

SiMes COOCHs

did not react with I to give insertion products (cf. eq 4, S, 8, and
9).

Mechanism of Insertion Reaction. Scheme I shows a proposed
mechanism for the insertion reaction of olefins into I. The first
step in Scheme I consists of the reversible replacement of triphenyl
phosphite by olefin and is supported by the fact that triphenyl
phosphite completely inhibited the insertion reactions (eq 4, 5,
7, 8, and 9).

There was no reaction at room temperature between I or IT and
ethylene, In refluxing solvent (toluene, xylene) with ethylene
bubbling through the solution, the substitution reactions (eq 4 and
5) proceed with lower efficiency (yields of III, , ; increase while
111,56 decrease); however even under these mild conditions no
sxmple ruthenium ethylene phosphite substitution product was
observed. These results suggest that the first step of Scheme 1

(14) Lewis, L. N., manuscript in preparation. Cyclotrimerization of alk-
ynes catalyzed by ruthenium is well-known. See, for example: James, B. R.
Inorg. Chim. Acta, Rev. 1970, 73.
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Table II. Spectroscopic Data for acacRh Complexes®

Lewis and Smith

complex 'H NMR BC NMR 3P NMR
X 5.09 (CH), 297 (CHy), 177 (CH;)  99.6 (CH), $9.24 (CH;, d, Je-y = 14), 26.17 (CH;)
XI 5.00 (CH), 2.57 (CH,), 1.57 (CH,) 100 (CH), 59.1 (CH,, d, Jeg, = 11), 26.4 (CHa) 124.37 (d, Jp_gy = 307)

X1 4.38 (CH), 1.40 (CH,)

100.32 (CH), 27.38 (CH,)

118.36 (d, Jpg, = 300)

?Coupling constants in Hz.

(I — VI) is the rate-determining step.
Complex II reacts with CO at 100 psi and 205 °C to give the
known compounds

/0 ts

/1 /l\co

The reaction of II with CO served as a model for simple re-
placement of a non-ortho-metalated phosphite by a two-electron
ligand (CO and ethylene have similar ligating properties). Carbon
monoxide did not insert into the ortho-metalated bond of II.

Spectroscopic observation of the other intermediates of Scheme
I was accomplished by reacting I with (acacRh(C,H,),;) (X),
“phosphine sponge”,'” at 25 °C. This rhodium reagent served the
dual function of removing triphenyl phosphite from I at 25 °C
while providing 1 equiv of ethylene. The substituted rhodium
phosphite complexes were made independently by reacting X with
P(OPh);, eq 10, There was no evidence for redistribution of XI

25 °C
X + P(OPh), _C;I_JT
acacRh(C,H,)(P(OPh);) + acacRh[P(OPh),],!7 (10a)
X1 XII
30% 30%

X + 4P(OPh ——»xn 10b
(OPh), oo (10b)

(to give X and XII) nor was any reverse reaction between XI or
XII and ethylene observed. The 'H, 3C, and P NMR param-
eters for X, XI, and XII are given in Table II.

The spectroscopic data obtained from the reactions of I and
X were consistent with the formation of intermediates VI, VII,
and IX of Scheme I (eq 1la=-c). As phosphine sponge, X (or
in this case “phosphite sponge”) was added to a benzene solution
of I, XI and XII grew in intensity while I was slowly consumed
(eq 11a). The 3'P NMR spectrum of the first new Ru species
formed (3 equiv of X) was consistent with VIb of Scheme I. The
3P NMR spectrum showed a pair of doublets at 6 167.30 (A)
and 126.35 (B), J = 97 Hz, as expected for cis coupling, with the
former peak assigned as an ortho-metalated phosphite resonance.!®
Comparison of the 3'P NMR spectra of starting compound?®? I,

NS @ 1
AR

I

(15) Bruce, M. 1; Shaw, G.; Stone, F. G. A. J. Chem. Soc., Dalton Trans
1973, 1667.

(16) Levison, J. J.; Robinson, S. D. J. Chem. Soc. A 1970, 639.

(17) Milstein, D. J. Am. Chem. Soc. 1982, 104, 5228.

(18) The "H NMR of XII agrees with that reported for XII prepared by
an independent method; Haines, L. M. Inorg. Chem. 1970, 9, 1517.

(19) Stewart, R. P;; Isbrandt, L. R.; Benedict, J. J. Inorg. Chem. 1976, 15,

13.

6 155.24 (A), 123.92 (B), and 116.52 (C), to that for VIb sug-
gested that “Pc” in I is substituted by ethylene to give VIb. The
BC(APT)® NMR at this point shows only the resonances for the
rhodium complexes (X-XII) and for I. New aromatic resonances
and a single broad peak at 59 ppm, C,H, of VIb, further support
structure VIb.

Upon further addition of X, XII grew in intensity, I decreased
in intensity, and a second set of peaks (attributed to intermediate
“VIIb”) was observed, eq 1 1b. The 3'P NMR showed an AB (J
= 25, 278 Hz) pattern centered at § 110.45. The *C(APT) NMR
now revealed the presence of new CH, resonances at 6 29.2, 35.8,
37.3, and 63.2. In addition, quaternary carbon resonances were
observed at 6 126.3 and 126.8, consistent with an ortho point of
attachment on an aromatic ring. These results are consistent with
structure VIIb (Scheme I). Formation of VIIb is the C-C bond
forming step of the mechanism.

A solution containing VIIb was heated at 85 °C for 2 h which
resulted in a color change from yellow to maroon (eq 11¢). The
31P and ’C(APT) NMR spectra show that the Rh-containing
compounds were unchanged after heating but that the ruthenium
complex VIIb reacted. A new set of peaks formed after heating
which were assigned to intermediate IXb. The 3'P NMR showed
two pairs of doublets (6 169.79 (J = 111 Hz) 130.65 (J = 111
Hz), and § 163,62 (J = 116.5 Hz), 129.12 (J = 116.5 Hz)),
including downfield resonances consistent with ortho metalation !
In addition, the > C(APT) spectrum revealed the presence of an
ethyl pattern which exactly matched that for III, (ortho-ethylated
tripheny! phosphite).

Intermediate VIIIb was not observed. 'H NMR analysis failed
to locate any hydride resonances during the sequences described
above. However, there is ample precedence to support the proposal
that ortho metalation can occur following loss of a 2-electron ligand
from an 18-electron complex.?! Since VIII is a seven-coordinate
Ru complex, this may be a transient intermediate. The conversion
of VII to IX may be a concerted process. Finally, note that
intermediates VII and IX are five-coordinate. Intermediates VII
and IX displayed larger coupling constants in their >'P NMR
spectra as compared to I and II (J = 55 Hz). A general increase
in coupling constants from cis (£PRuP = 90°) to cisoid (/PRuP
from 90 — 120°) to trans is commonty observed in 3'P NMR 2223

The rhodium complex, X, efficiently removes phosphorus from
the ruthenium complex I so that intermediate VIb formation
corresponds to loss of two phosphites from I. In the insertion
reaction of eq 4, phosphite loss is the rate-determining step so that
the intermediates formed are more likely to be VIa, VIla, VIIIa,
and IXa.

Since no free triphenyl phosphite was observed from the re-
actions in eq 4 and 5, a step involving replacement of the sterically
bulky substituted phosphite, i.e., P(O(2,6-Et,-CH;)); by P(OPh),,
must occur in the course of the insertion reactions so that all of
the phosphites become substituted.

Analysis of the spectroscopic data from the actual insertion
reactions, eq 4 and 5, shows a complicated mixture of III, and
ruthenium products. The *'P NMR from the reaction solution
from eq 5 showed resonances for 1115 and I1l¢ as well as broad,
complicated resonances at 6 162 and 129 (consistent with IX
containing a mixture of substituted ligands III,). The FDMS

(20) APT (Applied Proton Test) determines the multiplicity at carbon.
Patt, S. L.; Shoolery, J. N. J. Magn. Reson. 1982, 46, 535.

(21) Deger, D. L.; Belmore, K. A.; Mintz, E.; McElligott, P. J. Organo-
melallics 1984, 3, 134.

(22) Allen, F. H,; Pidcock, A.; Waterhouse, C. R. J. Chem. Soc. 4 1970,
2087.

(23) Preece, M.; Robinson, S. D.; Wingfield, J. N. J. Chem. Soc., Dalion
Trans. 1976, 613.
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P
‘ ,/'C' /\\ 25 °C
‘Ru + 3chth\ W.
0 N\ 7
\F’ P
b X

25 °C
I + 4X 'E's—né—’
2 h, 85 °C

I + 4% TeDe

showed the presence of a series of six envelopes (ruthenium isotope
pattern) separated by 28 amu ((C,H,),). The masses of these
clusters agree with intermediate IX (M* — C1* + ethyl,, n = 0-6).

The proposed mechanism of Scheme I can explain why the
insertion reaction of II (eq 5) proceeds with a higher degree of
substitution (II1; and I1I;) than with I, eq 4 (IT11,-1115). With
reference to Scheme I, if I is replaced by II in the scheme, then
substitution of one of the non-ortho-metalated phosphites by
ethylene always results in an ethylene ligand on ruthenium in a
cis position relative to a Ru~C bond. However, in complex I if
Py is substituted by ethylene, ethylene is trans to the lone Ru~C
bond and no insertion will occur. Thus complex II is more efficient
than I for ethylene insertion.

A slight modification of the proposed insertion mechanism
explains the styrene results (Scheme II). Conversion of I to XIII
and XIV is exactly analogous to conversion of I to VI and VII
in Scheme 1. However, in Scheme II there is a chain growth step
in which the addition of a styrene to XIV is competitive with ortho
metalation. The higher concentration of styrene as compared to
ethylene may be responsible for this latter fact. The termination
step is, as in Scheme I, ortho metalation on a five-coordinate,
16-electron complex. Note that 90% conversion of styrene was

(24) Work in these labs has shown that the field desorption mass spectra
of a number of neutral organometallic halide complexes frequently display
the PI-X as the only ion peak observed.

/O
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ruthenium rhodium

products products
P
I + acath< (11a)
70% //
XI
20%
+
pr— P
~
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| ~p
/T\ XII
L
P i P 80%
VI,
30%
I + VI, + XI + XII (11b)
20% 60% 15% 85%
CHzCHz .Cl
Ry
0\
"\,
VII,
20%
VI + VII + XI + XII (11c)
48% 24% 15% 85%
.Cl
o\ Ru"\
P/ /P
(¢}
IX,
29%

observed in eq 9 so that termination occurs only when most of
the styrene is consumed; thus this supports the contention that
at high olefin concentration chain growth (repetitive olefin in-
sertion) is competitive with ortho metalation (termination).

Summary and Conclusion

Ruthenium complexes containing ortho-metalated tripheny!
phosphite linkages repetitively react with ethylene to give ortho
alkylation on the tripheny! phosphite ligands. The ruthenium
complex together with phenoxide catalyze the selective ortho
alkylation of phenol.

Alkylation of phenol catalyzed by aluminum and other metals
is well-known but often requires higher temperature and pressure
and gives mixtures with ortho and para substitution.?> The present
report represents 100% specificity for ortho substitution. This
report demonstrates homogeneous, catalytic C—~C bond formation.
The principle of using ortho-metalated complexes for this purpose
has been demonstrated for the first time and a mechanism has
been proposed.

The use of other transition-metal ortho-metalated complexes
for catalytic synthesis of substituted aromatics by small molecules

(25) (a) Mitsui Petroleum Ind., Ltd., JP 5795928, Jan. 1982; Chem Abstr.
1982, 97, 181962 m. (b) Zorina, A. V.; Michurov, Yu. I.; Gershanov, F. B;
Rutman, G. I.; Kuchin, A. V.; Yurlev, V. P. Zh. Obshch. Khim. 1980, 50, 581.
(c) Kalamar, J.; Mravec, D.; Gregor, F. Czech. CS, 166080, Nov. 1976; Chem.
Abstr. 1976, 87, 5629 t.
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is under continuing investigation.

Experimental Section

General, All operations were carried out under N, or argon with use
of standard Schlenk techniques or in a Vacuum Atmospheres drybox.
THF and toluene were distilled under nitrogen from sodium benzo-
phenone ketyl. Gas chromatography was carried out on an HP 5830A
(FID detector) instrument employing 6 ft 3% OV 10l columns. Liquid
chromatography was performed on a Waters LC, reverse phase u Bon-
dapak C-18 column, H,O-THEF solvent system. For preparative LC, a
Whatman ODS-51 column was employed. Two UV detectors were
employed simultaneously at 254 and 280 nm. 'H NMR were recorded
on a Varian EM 390 NMR spectrometer. '*C and *'P NMR ('H de-
coupled, 20 and 32.203 MHz, respectively) were carried out on a Varian
FT 80 NMR spectrometer. Additional *'P and '*C NMR spectra
(121.42 and 75.43 MHz, respectively) were recorded on a Varian XL 300
NMR spectrometer. Carbon multiplicities in the ?°C NMR were de-
termined with use of the Applied Proton Test (APT).2° Field desorption
mass spectra (FDMS) were obtained on a Varian MAT 731 instrument.
GCMS were recorded on a Varian MAT 311A instrument. High reso-
lution gas chromatography mass spectra (HRGCMS) were obtained with
use of a VG Analytical ZAB high resolution mass spectrometer.

Complexes I,'' I1,'* and X? were prepared as reported. Insertion
reactions were carried out in thick-walled glass Fischer-Porter bottles
equipped with a pressure gauge and two valves to permit pressurization
under inert atmosphere. The bottles were equipped with magnetic stir
bars and were uniformly heated with heating tape surrounding a ther-
mocouple in order to monitor reaction temperature.

Insertion Reactions, I + C,H, (Equation 4). Complex I (0.186 g,
0.135 mmol) was dissolved in 10 mL of toluene under N, in a 90-mL
thick-walled bottle. The bottle was pressurized with ethylene 80 psi, 17.8
mmol) and heated to 194 °C with stirring for 3.5 h. The reaction was
cooled to room temperature, vented, and then analyzed by GC and LC
which gave the products shown in eq 4. '"H NMR: § 7.07 (m, 9 H), 2.73
(q, 7 Hz, 5 H), 1.16 (t, 7 Hz, 8.5 H). 3C NMR: § 14.35, 23.91, 120.31,
123.90, 124.67, 126.94, 129.5, 136.6. 3'P NMR resonances for III, and
III; (see Table I) and broad resonances at 155 and 118 ppm. FDMS:
(major) ITI, (m/e 422, M*) and III; (m/e 450, M*); (minor) III; (m/e
394, M*) and III; (m/e 476, M*).

II + C,H, (Equation §). Complex II (0.021 g, 0.16 mmol) was dis-
solved in 10 mL of toluene under N, in a 90-mL thick-walled glass bottle.
The bottle was pressurized with ethylene (90 psi, 22 mmol) and stirred
at 25 °C for 10 min (P = 70 psi due to dissolved gas). The tube was
heated to 190 °C with stirring for 2.5 h (final P at 25 °C 58 psi or 24
mol of ethylene/mol of Ru consumed). The product ratio was deter-
mined by GC and LC (see eq 5). Absolute yield of III, was ca. 60%
based on II. GCMS and ¥'P NMR (see Table I) additional broad *'P
NMR resonances: 8 162 and 129. 'H NMR (CDCL): § 6.97 (m, 9 H),
8 2.70 (q, 7 Hz, 43 H), 1.10 (1, 7 Hz, 5.7 H). “C NMR (APT)
(CDCL): & 14.28 (CH,), 23.85 (CH,), 70.43 (CH,). Aromatic CH:
119.95, 124.41, 125.48, 126.76, 128.90, 129.29, 129,40, 129.72; 136.45
(ortho >C<), 146.4 (ipso >C<), 155.4 (ipso >C<). FDMS: major
peaks IIIs (m/e 450, M*) and Il (m/e 476, M*); “ruthenium isotope
envelope” M = CI'O'Ru[P(OPh),], m/e 812 (M* + Et,), 840 (M* +
Et3), 868 (M* + Et,), 896 (M* + Ets), 924 (M* + Et).

Synthesis of P(0(2,6-Et,-C;H;)); (III;) (eguation 6). PCl; (0.55 mL,
6.3 mmol) was added to a refluxing toluene solution (50 mL) which
contained freshly distilled (65 °C (0.25 mmHg)) 2,6-diethylphenol (2.87
g,0.019 mol). NEt; (3.5 mL) was added and then reflux was continued
for I h. The toluene was removed in vacuo, and the remaining oily solids
were then extracted with diethy! ether. The diethyl ether was removed
in vacuo to leave an oil, bp 165-8 °C (0.25 mmHg), which was shown
by GCMS to be P(O(2,6-Et,-C4H,)); (isolated yield 1.3 g, 54%). 'H
NMR: 5 7.09 (m, 9 H), 2.77 (q, 8 Hz, 12 H), 1.24 (t, 8 Hz, 18.8 H).
3IP{'H} NMR: 144.5 ppm. '’C{!H} NMR: & 147.6 (ipso C), 136.5
(C-Et, Jpc = 2 Hz), 127.0 (meta), 124.7 (ortho), 24.1 (CH,CHj,, Jp_¢
= 6 Hz), 14.5 (CH,CH,). EIMS: m/e 478 (M™*), 329 (M* - O(2,6-
Et,-C¢H,)), 150 (HO(2,6-Et,-C¢H3)*). HRMS caled for C3H;,04P,
478.2637, found 478.2642,

Preparation of II,-11l;, PCl; (0.75 mL, 25.5 mmol) was added to a
refluxing toluene solution (50 mL) which contaifled phenol (1.001 g, 10.6
mmol), 2-ethylphenol (1.015 g, 8.32 mmol), and 2,6-diethylphenol (0.99
g, 6.59 mmol)., NEt; (3.5 mL) was added and reflux was continued for
I h. The toluene was removed in vacuo and the resulting oily mass was
extracted with diethyl ether. The ether was removed in vacuo which left
an oil. GC and GCMS analysis (see Table I): 1II; (9.2%), I1I, (21.5%),
11, (26.2%), 111, (21.3%), 111, (17.1%), and 111, (4.6%). *'P NMR
(relative % from integrated intensities in parentheses): § 128.1 (III, 9),

(26) Cramer, R. Inorg. Synth. 1974, 15, 14.

Lewis and Smith

129.1 (111, 15.7), 129.9 (I1I, 7.2), 129.3 (IIL,, 16.9), 134.1 (III, 15.7),
130.4 (IIl5, 7.2), 139.9 (111, 3.6), 134.5 (II1,, 5.4), 139.2 (IlI; 3.6).

Ethylation of Phenol (Equation 7). Phenol (0.23 g, 2.45 mmol), II
(0.203 g, 0.15 mmol), and KOPh (0.029 g, 0.22 mmol) were dissolved
in 10 mL of THF and placed in a 90-mL thick-walled bottle under N,.
The bottle was pressurized with ethylene (95 psi, 21 mmol) and then
heated to 177 °C for 3.5 h with stirring. The bottle was cooled to room
temperature and then vented. Analysis of the contents by GC and LC
showed unreacted phenol (0.27 mmol) and 89% conversion to o-ethyl-
phenol (15%, 0.33 mmol) and 2,6-diethylphenol (85%, 1.85 mmol). The
products were partially separated by distillation (0.5 mmHg) at 42 °C
(first fraction, mostly phenol, second fraction, phenol and ethylphenol)
and at 56-57 °C (2,6-diethylphenol). 'H and '3C NMR agreed with
authentic samples. '3C NMR of 2,6-diethylphenol: § 14.03 (CHj,), 23.10
(CH,), 120.49 (para), 126.72 (meta), 129.24 (ortho point of attachment,
reduced NOE), 151.51 (ipso).

Control. Phenol (0.95 g, 0.1 mmol) and KOPh (0.94 g, 7.12 mmol)
were dissolved in 10 mL of THF and placed in a 90-mL thick-walled
glass bottle under N,. The bottle was pressurized with ethylene (90 psi,
20.0 mmol) and then heated to 177 °C for 4 h with stirring. After the
reactibn vessel was cooled and vented, GC analysis showed only phenol
(no ethylated phenol) was present.

I + C;H¢ (Equation 8). Complex I (0.100 g, 0.073 mmol) was dis-
solved in 5 mL of C,Dg under N,), in a 90-mL thick-walled bottle. The
bottle was pressurized with propylene (60 psi, 14 mmol) and then heated
to 170 °C for 18 h with stirring. After the reaction vessel was cooled
to room temperature and vented, the solution was analyzed by GC (see
eq 8) and GCMS: 1V, m/e 310 (P(OPh);), 217 (100% peak, M* -
OPh); IV, m/e 352 (M*), 259 (100% peak, M - OPh), 217 (M* -
O(2-i-Pr-C¢H,)); IV, 394 (M*), 301 (100% peak, M* - OPh), 217 (M*
- O(2,6-i-Pry-C4H,)); IV, 436 (M*), 343 (M - OPh), 301 (100% peak,
M* — O(2-i-Pr-C¢H,)), 259 (M* — O(2,6-i-Pr,-C¢H,)); IV, 478 (M%),
385 (M* - OPh), 301 (100% peak, M* — O(2,6-i-Pr,-C¢H,)); at higher
retention time IV, 478 (M%), 343 (M* - O(2-i-Pr-C¢H,)), 301 (100%
peak, M* — O(2,6-i-Pr,-C¢Ha)). 13C NMR (in C¢Dg): 8 22.5, 234, 23.7,
26.7, 27.1, 30.4, 30.9, aromatic 115.3, 121.2, 126.3, 126.6, and
120.2-129.8 (several peaks), 132.1, 137.5, 139.3, 140.68 152.5. Cf.
2-isopropylphenol: 22.6 (CH,), 27.1 (CH), 115.4 (ortho, CH), 121.1
(para), 126.5 (meta), 126.7 (meta), 134.6 (ortho, >C<), 152.8 (ipso).
HRGCMS were obtained for IV) O=P(OPh),, and the phosphates of
IV,.;. O=P(OPh); calcd 326.0708, found 326.070! (M™); caled
233.0368, found 233.0368 (M*™ OPh). O=P(OPh),(O(2-1-Pr-C(H,))
caled 368.1177, found 368.1168 (M*); calcd 353.0943, found 353.0930
(M* - CH;). O=P(OPh),(O(2,6-f-Pr,-C¢H3)) caled 410.1647, found
410.1647 (M*); calcd 367.1099, found 367.1101 (M* - C;H;). P(O-
(2,6-Pry-CgH3) (O (2-i-Pr-CaH )} (O(CeHy)), (IV5) caled 436.2167,
found 436.2152 (M™); calcd 343.1827, found 343.1816 (M* — OPh);
caled 301.1357, found 301.1364 (M* - O(2-i-Pr-C¢H,)); caled 259.0888,
found 259.0886 (M* — O(2,6-i-Pr,-CgH,)). O==P(O(2,6-i-Pr,-
CeH3))(O(2-i-Pr-CgH,))(O(CgHs)) caled 4522116, found 452.2102
(M™); calcd 409.1569, found 409.1576 (M* - C;H,). FDMS: see M*
for IVy 3, M = '9"Ru[P(OPh);],, “ruthenium envelope™ 721 (M%), 763
(M* + propyl), 805 (M* + propyl,), 847 (M* + propyls).

I + Styrene (Equation 9). Complex I (0.42 g, 0.31 mmol) and freshly
distilled styrene (2 mL, 17.4 mmol) were combined in 20 mL of toluene
in a 300-mL stainless steel bomb under N,. The bomb was heated to 230
°C for 18 h with stirring. After the reaction mixture was cooled to room
temperature, 50 mL of methanol was added which resulted in precipi-
tation of'a white solid (polystyrene vide 0.22 g); the filtrate contained
V. GPC analysis showed that the white solid had A, = 111000. LC
analysis showed 10% unreacted styrene and that the polystyrene oligom-
ers had UV absorbance at 254 nm but not at 280 nm. The polystyrene
had a 13C NMR which was identical with the 1*C NMR obtained from
thermally polymerized polystyrene. GPC analysis of the MeOH soluble
fraction, V, gave M, = 2000. LC analysis of V showed UV absorbance
at both 254 and 280 nm.

The above reaction was repeated in the presence of 1 mol % phenol.
Styrene (undistilled with 10-15 ppm p-TBC, 2 mL, 17.4 mmol), phenol
(0.015 g, 0.16 mmol), and complex I (0.306 g, 0.22 mmol) were com-
bined in 20 mL of toluene and placed in the 300-mL bomb under N,.
The bomb was heated to 206 °C for 3.5 h with stirring. The bomb was
then cooled and vented. MeOH (100 mL) was added to the toluene
reaction solution, and the resulting white solid (polystyrene) was collected
on a fine fritted funnel (0.03 g). The filtrate (V) was analyzed as above
and gave the same results. Additionally, *C NMR analysis of V showed
5 23.8, 28.0, 32.5, 129.5 (large, br), 145.3 consisten! with an atactic
arrangement in the polystyrene chain. Three-dimensional GPC analysis,
which plotted molecular weight and the UV absorbance and wavelength
simultaneously, showed low molecular weight (A, ~ 2000) with A, =
280 nm consistent with a triphenyl phosphite group present in the oli-
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gomers. *'P NMR analysis of the white precipitates from the styrene
reactions showed no resonances (no phosphorus in sample). The *'P
NMR of V showed a broad resonance at ca. 126 ppm (6-ppm wide).
FDMS analysis showed M = P(OPh);, m/e 415 (M* + styrene), 518
(M* + styrene,), 622 (M* + styrenes), 726 (M* + styrene,), 830 (M*
+ styrenes).

Reaction of II with CO. Complex II (0.026 g, 0.019 mmol) was
dissolved in 10 mL of toluene and placed in a 90-mL thick-walled bottle
under N,. The bottle was charged with CO (100 psi, 0.025 mol) and then
heated to 205 °C for 4 h with stirring. The bottle was cooled to room
temperature and vented. The contents of the bottle were completely
extracted with THF. LC analysis showed that quantitative conversion
of II to two new products had occurred. The prep LC column was used

to separate the products.
P/:
s /:: :

N s
. 7

0 Ry
) ‘\o
P
IR voo (CH,CL) 2044 cm™.'6 FDMS: m/e 1061 (M*, Ru isotope

pattern).
. g

I

P/ \co
IR vco (CH,Cly) 2055, 2010 cm™'.'* FDMS: m/e 776 (M™, Ru isotope
pattern).

Reaction of X with P(OPh), (Equation 10a). Complex X (0.037 g,
0.14 mmol) was dissolved in 2 mL of C¢D, under N, in a septum-capped

i
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10-mm NMR tube. P(OPh); (37 mL, 0.14 mmol) was then added by
syringe. The solution was analyzed by 'H, '3C, and P NMR (see Table
Il and eq 10a) and yield established by 'H and 3'P NMR. FDMS
analysis showed X m/e 258 (M*), XI m/e 540 (M¥), and XII m/e 822
M*).

Reaction of I and X (Equations 11a—c), A C¢Dy solution (1 mL) of
complex I (0.054 g, 0.039 mmol) was combined with a C4D¢ solution (1
mL) of X (0.013 g, 0.050 mmol) under N,. 3P NMR analysis indicated
that I was unchanged and that only trace quantities of XI and XII were
produced. Incremental amounts of solid X were added to the solution
under N,. When the Ru:Rh ratio was 1:3 (eq 11a), the 'P NMR showed
resonances for XI and XII (relative intensity of XI:XII was 1:4) as well
as resonances for I and VI (see text). There were about equal amounts
of I and XII at this point, which indicated about 60-70% unreacted X.
An additional equivalent of solid X was added under N, (eq I 1b). The
3P NMR spectrum at this time showed that the relative ratio of XI to
XII was 1:5 while I was consumed; VI and VII grew in intensity. The
solution was heated in an oil bath at 85 °C for 2 h. The color of the
solution changed from yellow to maroon but no precipitate was observed.
3P NMR showed complete consumption of I had occurred.
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Abstract: Nucleophilic attack on #-ethylene and w-benzene organometallic compounds, resulting in 3-substituted ethyl and
exo-substituted cyclohexadienyl complexes, respectively, is examined in terms of a new reactivity parameter, kco*. This parameter
represents the Cotton—Kraihanzel (C-K) C~O stretching force constant of a hypothetical compound in which CO ligands
replace the unsaturated hydrocarbon of interest. For example, kco* for ethylene in L,M(C,H,) is simply the C-O force constant
of L,M(CO). The C-K force constants may be calculated from available IR data, or they may be conveniently estimated
by using the ligand effect constants described by Timney. A survey of reported reactions of nucleophiles with =-ethylene and
w-benzene complexes reveals a definite correlation between the magnitude of kco* and the likelihood of addition to the hydrocarbon
ligand; a reactivity index utilizing kco* is established for several nucleophiles. For coordinated ethylene, attack by PPh; or
most amines is not observed for complexes with kco* < 16.8 mdyn/A. Trialkylphosphines react with complexes that have
kco* values as low as 15.5 mdyn/A. Attack on coordinated benzene by PPh, does not occur for complexes with kco* < 18.3
mdyn/A, and trialkylphosphines do not add to benzene in complexes with kco* below a value of 17.7 mdyn/A. Carbanions,
such as alkyllithium reagents and CH,X" (X = CN, NO,), successfully add to benzene complexes with kco* values as low
as 16.5 mdyn/A. The results indicate that the koo* parameter provides a simple means of gauging the activation of coordinated
ethylene and benzene toward nucleophilic attack.

Nucleophilic attack on unsaturated hydrocarbons which are
coordinated to transition metals has been studied extensively and
continues to be a subject of considerable interest.! Two reactions

(1) (a) Pauson, P. L. J. Organomet. Chem. 1980, 200, 207. (b) Davies,
S. G.; Green, M. L. H.; Mingos, D. M. P, Tetrahedron 1978, 34, 3047. (c)
Kane-Maguire, L. A. P.; Honig, E. D.; Sweigart, D. A. Chem. Rev. 1984, 84,
525.

of this type involving attack on w-ethylene and =-benzene ligands
are shown in eq 1 and 2. Such reactions are important in certain
industrial processes, such as the Wacker acetaldehyde synthesis,?
and are also useful in a variety of laboratory scale syntheses.* In

(2) Bickvall, J. E.; Akermark, B.; Ljunggren, S. O. J. Am. Chem. Soc.
1979, 101, 2411.
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