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Abstract

The preparation, characterization and carbonylation products of the ring-functionalized alkyl zirconocenes, (7°CsH Xn*-C5H o~
P(C,H;),)ZH(CH,C4Hy), (1), (9*-C4H,,~P(C H}),), Z{CH,,CH;5), (2) are described. These compounds insert one molecule of CO to
give products which interconvert between an acyl form and a phosphonium-alkoxide form at ambient temperatures via a reversible
nucleophilic attack of the phosphine at the carbenium-like n%-acyl carbon as shown through variable-temperature 'H and *'P{'"H) NMR

studies.
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1. Introduction

We have previously investigated the preparation and
carbonylation of bis-ring-functionalized zirconocenes,
bis((diphenylphosphino-cyclopentadienyl)dimethyl  zit-
conium(IV) and bis(diphenylphosphino-cyclopentadi-
enyl)chloromethyl zirconium(IV) [1] and mono-ring
functionalized zirconocenes of type A (R= CH X =
CH, or C1) shown in Fig. 1 [2].

Carbonylation of alkyl complexes A results in acyl
complexes which are in equilibrium with a phospho-
nium-alkoxide complex as shown in B (Fig. 1). The
structure of the phosphonium-alkoxide form has been
characterized by X-ray crystallography (1). The suscep-
tibility of the acyl carbon to nucleophilic attack by the
phosphorus led us to consider nucleophilic attack of the
prechiral carbenium-like acyl carbon with external nu-
cleophiles. In preparation for exploring this possibility,
complexes with the stereochemical probes such as the
benzyl group were needed. The preparation, characteri-
zation and carbonylation reactions of (n’CSHS)(nS-
C,H,~P(C;H,),)Z1(CH,C,Hy), (1) and (n-CH,-
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P(C4H;),),Zr(CH,CHy); (2) (where prochiral 1 bears
diastereotopic protons on the methylene group) are re-
ported here.
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Fig. 1. Structures of A and B.

2. Results and discussion

The preparations of 1 and 2 were accomplished
through interaction of two equivalents of alkyl magne-
sium halide with the parent dichloro-ring-functionalized
zirconocene [3] suspended in ether.

("Is'CsHs)x((ﬂs'CsH4)P(C6Hs)z)z—xerIZ
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Table 1
'H NMR and "'P{'H) NMR data in CD,Cl, for complexes I and 2
Complex Cs H CH, CH,-R P(C Hs), CH,-Cq H; p
1 55.90(s) 5 6.03 (m) 8 1.70(d, 10.8 Hz) 5 7.38 (m) 0-6 6.69 8 —19.13(s)
8 6.07 (m) 8 1.67(d, 10.8 Hz) p- 6.81
m-6 1.13
2 n/a 8 5.89 (m) 5 1.50(s) 8 7.34(m) -8 6.54 8§ —19.43 (s)
8 6.02 (m) p-6 6.78
m-8 7.08

+ 2 CIMgCH2C6H5 - (""S'Csl'ls)/t

X ((n*-CsH,)P(CeHy),), . Zr(CH,CH;),
+ 2 MgCl,

x=1,(1), x=0,(2)

Removal of the solvent and extraction of the resulting
residue with pentane gave uniformly good yields (greater
than 80%) of the complexes. Analytical data were con-
sistently low in C even with the use of combustion aids
but gave good agreement for %H and %P. 'H and
“'p('"H} NMR data are summarized in Table 1. The
“P{'H} chemical shifts of the phosphine P atoms of 1
and 2 are nearly identical, The proton NMR spectra are
unremarkable: it should be noted that in complex 2, a
singlet was observed for the methylene protons, whereas
in 1 they are diastereotopic and give rise to two dou-
blets (*J,,_,, =108 Hz in CD,Cl,), similar to that
observed in other mono-functionalized zirconocene ben-
zyl complexes [4].

Treating dichloromethane solutions of 1 or 2 with
CO (0.3 atm) results in an immediate deepening of
color consistent with the carbonylation of other ring-
functionalized zirconocenes [1,2,5). The products were
quite soluble in dichloromethane and ether solvents, but
much less so in aliphatic or aromatic hydrocarbons.
Proton and phosphorus NMR spectra showed complete

consumption of starting material after about 20 min at
ambient temperature to give only the carbonylated prod-
uct. The NMR data were consistent with insertion of
CO into the Zr-benzyl bond. Unlike the carbonylated
dimethyl complexes which decompose upon removal of
solvent [1], analytically pure samples of these com-
plexes can be isolated in modest yields from
dichloromethane-ether mixtures (ca. 30-50% isolated:
however, the residue obtained from the mother liquor
consists mainly of the carbonylation product as deter-
mined by NMR). Use of aliphatic precipitating solvents
leads to the formation of oils. Multinuclear NMR spec-
troscopy and C/H/P analyses (with the exception of
C) of the solids were consistent with formulation as the
CO insertion product. We have found that carbon analy-
ses were low for compounds of this sort, even when
NMR spectra show no impurities and combustion aids
were used [1.2).

(ns‘CsHﬁ),.(ns‘CsHa“P(CaHs)z)zﬂxzr(CHzCoHs)z
+CO = ('rf‘w(ﬂ,‘,.;l'-{_g)‘('q“-»(‘\,;l"l,,ml’(C(,Hﬁ)z)z_ﬂt
X Zr(CH ,CoH,)(~(9-C=0)CH,CH,)
=103 x=0,(4)

Ambient temperature proton and phosphorus NMR
suggested that fluxional behavior was present and a

Table 2
"H NMR and "'P{*H} NMR data in CD,Cl, for complexes 3 and 4 at 210 K
Complex CyH, CH, CH,-R P(C, 11,), CH,-C, M, p
8 12.80 (s)
3 8 5.81 () 8 489 (m) 8 1.71(d, 8.6 Ha) 8 7.25 (m) 8 6,640
8 5.79 (m) 8 2.32(d. 8.6 Ha) 8 7.49(m) 8 7.03 (m)
8 5.84 (m) -CO-CH,R 8 768 (m) 87.2()
8 6.11 (m) 8 2.55 (dod, 8 7.78 (m) 8 7.47 ()
.’p_ ] 39 Ha,
J" TR |4 Hl)
8 3.25(d, 14 Hy)
4 n/u 8 464 (m) 6 091 (d,. 8.3 HY 8 7.25(m) & 0,45 (m) 8 1248 (s)
4 5.09 (m) é 1.79(d. 8.3 Ha) 8 7.50 (m) 8 6.8 (m) 3 -19.71(s)
8 5.75 (m) -CO-CILR 8 7.62(m) 5 7.00 (m)
8 5.94(m) 8 2.55 (dod, 8 7.70(m) 8 7.10(m)
5 6.09 (m) Jo_yu =3 Hz,
664‘(“‘) \I“‘““ NHZ)
8 6.17 (m) 8§ 3.18(d, 14.5 Ha)

8 6.42 (m)
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Fig. 2. Proposed structures of complexes 3 and 4.

multinuclear variable-temperature NMR study was per-
formed. Data for low temperature and high temperature
limiting spectra are listed in Tables 2 and 3. Fig. 2
shows the proposed structures for the carbonylated
species where the dashed lines indicate the positions of
bonds broken and formed in the fluxional process.

The diastereotopic protons H,, H,, H_ and H, are
not equivalent in these structures and indeed four sig-
nals were observed for these protons at low tempera-
tures {(less than —50°C). The regions containing these
signals were quite similar for complexes 3 and 4. The
diastereotopic-(C-0)-CH, protons give rise to a dou-
blet and a doublet of doublets; the additional splitting of
one signal was due to coupling to the phosphorus atom
bound to the carbon derived from CO. In complex 3,
only one signal was observed in the "' P{'"H) NMR at &
14.7 indicative of the phosphonium nature of the phos-
phorus atom. In complex 4, two signals were observed;
one for the phosphonium phosphorus (8§ 14.7) and one
for the non-bound phosphine (8 —22.4), Use of "*CO
to form 3 gave a doublet for the phosphonium-alkoxide
catbon at 8 393 (J. , = 39.0 Hz at 213 K) which
broadened and shifted downfield with increasing tem-
perature, and did not sharpen at the highest tempera-
tures used in this study.

At higher temperatures, the spectra of 3 and 4 were
quite different. The *'P{'H} NMR at 310 K of complex
3 shows a broad signal at § 4.6 and complex 4 shows a
single broad signal at 6 =4.5. There were only two
signals of equal area in complex 4 in the proton spec-

trum at 310 K, a singlet (protons ¢ and d) and a doublet
of triplets (protons a and b, (J,,_,, = 14 Hz and J,_, =
10 Hz)). In 3, H, and H, were inequivalent through
temperatures up to 310 K, as two signals were observed
throughout the temperature range with diastereotopic
coupling of 14 Hz, although J,_,, has decreased (29 Hz
at 310 K compared with 39 Hz at 210 K). Protons ¢ and
d give separate signals in 3 with coupling constants ca.
9 Hz at all temperatres studied due to the lack of a
phosphine group on the “upper’ cyclopentadienyl ring.

We interpret these results as supporting a rapid initial
lateral insertion of CO into the Zr—C bond as observed
by other workers [6] and supported by theoretical stud-
ies [7-9]. The chemical shifts of the alkyl groups at the
high temperature limit were similar to that observed by
Floriani and coworkers in the carbonylation of dibenzyl
zirconocene [10,11]. The acyl group then undergoes
intramolecular attack by the phosphine group(s) to give
a phosphonium alkoxide which is in equilibrium with
the acyl form. Comparison of the P-H coupling con-
stants at the low and high temperature limits shows that
the P is bonded to the acyl carbon about 74% of the
time at room temperature for 3. The phosphonium
alkoxide form of both 3 and 4 is favored at ambient
temperatures but exchange between the two forms is
rapid at ambient temperatures and above.

3. Conclusions

This work has shown that CO readily inserts into the
zirconium-carbon bond of the ring-functionalized ben-
zyl zirconocenes | and 2. The phosphine groups are
involved in a fluxional nucleophilic attack of the acyl
carbon of u wansiently formed acyl species, leading to a
phosphonium-alkoxide complex that is observed at low
temperatures in fluid solution and isolated as solids, The
fucile attack by phosphorus seen here, and other obser-
vations that the C atom of a zirconocene acyl is suscep-
tible to nucleophilic attack (both experimental [10-20)
and theoretical [7,9,21]), intrigues us. Further work on

Table 3
'H NMK and *'P{*H) NMR dala in CD,Cl, for complexes 3 and 4 at 310 K
Complex CsHy C.H, CH,-R P(C, 1), CH,-C, H, p
3 8 5.70 (s) 5 487 (m) 5 1.98 (d, 8.8 Hz) 8 7.66 (m) 8 7.13(m) 840
6 5.77 (m) § 2.28(d, 8.8 H2) 6 7.27(m) 8 7.00 (m) (br, L5
5 5.78 (m) -CO-CH,R 5 6.63 (m) PPM hwhh)
8 5.90 (m) 8 3.08 (dod,
Jp [T 2() HZ.
J|| -H= 15 Hz)
8 3.52(d, 15H2)
4 n/a 8 5.22 (bp) 8 1.74(s) 5 7.65(m) 8 7.11 (m) 8 ~45(br.2
8 5.78 (br) -CO-CH,R 8 7.56 (m) 8 6.85 (m) PPM hwhh)
8 5.93 (m) 8 3.12 (1od, 8 7.37(m) 8 6.52 (m)
8 6.01 (m) Jp.y=10Hz, 8 7.24(m)

J"_“ = 14 HZ)
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the use of complexes like B for the preparation of
functionalized alcohols is in progress.

4. Experimental
4.1. General considerations

Most of the compounds described were air sensitive
and were prepared using either Schlenk or high-vacuum
tcchniques. Solid compounds were manipulated in a
Vacuum Atmospheres Corp. (VAC) HE-43 Dri-Lab with
an HE-63P Pedatrol pressure regulator and HE-393 Dri
Train. The inert gas used in the glovebox and Schlenk
and vacuum lines was either nitrogen or argon, which
was further purified by passage through activated
Chemalog R3-11 catalyst and activated 4 A molecular
sieves. CO was CP grade and further dried by passage
through a column of activated 4 A molecular sieves.
Solvents were all reagent grade and were further puri-
fied by standard techniques [22}. The complexes ((n’-
CHP(C H,),),ZiCl53~ and ((n*-CH,P(C-H;),)-
(n’-C4H,)ZrCl, [3.23] were prepared by literature
methods.

4.2, Physical measurements

'H and *'P NMR spectra were obtained with Bruker
AM-400 or AM-300 spectrometers. Proton NMR spec-
tra were referenced by either the residual proton reso-
nance ot internal TMS; *'P NMR spectra were refer-
enced against external P(OCH ,),. Infrared spectra were
obtained on a Perkin-Elmer Model 1600 series FTIR
spectrometer. Elemental analyses were performed by
Schwarzkopf Microunalytical Laboratories, Woodside,
NY.

4.3. ((n*-CsH,)P(Cy Hy )y Sm*-Cs Hy JZHCH,C, Hy ), (1)

In the glove box, 4.00 g of (C;H,)P(C H;),(CsH)-
ZrCl, (8.4 mmol) and a magnetic stir bar were loaded
in a 100 ml Schlenk flask. After transfer to a Schlenk
line, 25 ml of ethyl ether was added and the suspension
was stirred in an ice bath for about 10 min. Benzylmag-
nesium chloride in ether (18.0 ml 1.0 M (18.0 mmol))
was injected and the solution color changed from off-
white to yellow-green over the course of an hour, The
ice bath was removed the suspension warmed to room
temperature and stirred for an additional 14 h. The ether
was removed in vacuo, and the solid was dried under
high vacuum for at least 18 h., The resulting yellow
solid was extracted in a Soxhlet-type extractor with
pentane for 72 h and the pentane was removed in vacuo.
Two extractions were done to obtain a total of 4.93 g
(94%) of 1. NMR data, 'H: C{H,. & 5.90 (s, 5 H),
CsH,. & 6,03 (m, 2H), & 6.07 (m, 2H), CH,-Ph, &

1.70 (d, J=10.8 Hz, 2H), & 1.67 (d, J=1038, 2H),
P(C,H,),, 8 7.38 (m, 10 H), CH,~C H,, o- & 6.69 (.
J=73Hz(2H),(p-8 681(t, J=73Hz(1 H)), m- 8
7.13(t, J=73 Hz 2 H)). 'P: 8 —19.13 (s) Analysis:
calculated for C,H 4, PZr (found): C, 73.56% (72.42%);
H, 5.66% (5.86%) P, 5.27% (4.91%).

4.4. [(n’-CsH,)P(C4H; ), 1,Zr(CH,CHs), (2)

A 100 ml Schlenk flask was loaded with 2.01 g (3.04
mmol) of {CpPPh, ],ZrCl, and a magnetic stirrer. Then
20 ml of freshly distilled ether was added under N,
flush and 6.1 ml of 1 M benzyl magnesium chloride in
ether (6.1 mmol) was added at room temperature in
about 1 min. The suspension developed an orange color
over the course of the addition. The flask was capped
and stirred vigorously; an orange solution and a white
precipitate developed in minutes. The suspension was
stirred for 18 h, the solvent was removed in vacuo, and
the resulting orangz solid was dried for an additional 2
h. The orange solid was transferred to a Soxhlet-type
extractor and 30 ml pentane was added. The solid was
extracted with refluxing pentane for 60 h, the solvent
was removed in vacuo, and the orange solid was dried
for an additional 3 h to give 2.01 g of the crude product.
The solid was then dissolved in 5 ml of boiling toluene
and filtered into a Schlenk tube, layered with approxi-
mately an equal volume of pentane and left to mix at
= 10°C for 24 h. The supernatant was removed from the
large, orange crystals which were washed twice with §
ml pentane and the washings added to the supematant.
The erystals were washed once more with pentane and
this colorless washing was discarded. The crystals were
dried in vacuo for 10 h, A second crop was obtained
from the combined supernatunt and washing in a similar
fashion gave a total of 1,90 g of 2 (81% based on the
zirconocene dichloride). 'H NMR (CD,Cl,): phenyl, &
7.34 (m, 20 H); benzyl, m, & 7.08 (t, J,,_,, = 7.7 Hz, 4
H); p. 8 678 (t, J,,_,, = 7.4 Hz, 2 H); o, & 6.54 (dod,
Jy-u=172 He, Jp_;, =091 Hz, 4 H); C;H,, (a), &
6.02(dod, J,,_;=25Hz, Jp_,,=1.3Hz, 4H): (B), 8
5.89 (t, J,,_ = 2.5 Hz, 4 H); -CH,-, & 1.48, (s, 4H).
“¢{'H) NMR (CD,Cl,): C;H,. (B), 8 121.02 (s); (a)
8 119.86 (d, Jp_c = 6.2 Ha), P-C, 11856 (d, Jp_ =
12.3 Hz): P-C(H;: ipso. & 134.11 (d, Jp =213
Hz): o, 8 138.21 (d, Jp_ =9.0 Hz); m, & 128.95 (d,
Jo_c =80 Hz): p, 6 12954 CH,-Ph, & 63.44 (s):
-CH,-C,Hs: p. 8 125.74; ipso. & 153.16; m, §
128.26: o, & 116.67. “'P{'H) (CD,CL,): & —19.43.
Analysis: calculated for C g H ,, P, Zr (found): C, 74.68%
(73.70%); H, 5.48% (5.81%); P, 8.02% (7.85%).

4.5. Carbonylation of 1 and 2

The preparation of 3 and 4 were accomplished by
treatment of solutions of the parent complex in
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dichloromethane with excess CO. In NMR experiments,
typically a solution about 0.2 M of 1 or 2 (about 0.015 g
in 0.8 ml) was frozen, the inert gas over the sample was
removed by vacuum and CO was admitted at pressures
from 0.3 to 0.7 atm. Isolation of the solid products was
achieved by very similar means and a typical isolation
is described below for complex 4.

A 235 g sample of 2 was dissolved in 4 ml
dichloromethane in one arm of an H-shaped crystallizer.
The solution was filtered and then freeze-thaw degassed
three times. CO (1 atm) was admitted and the solution
thawed and warmed to ambient temperature and mag-
netically stirred for 30 min. Ether (4 ml) was transferred
into the arm of the H-shaped crystallizer not containing
the solution of 4. The arm containing the solution of 4
was immersed in a NaCl-ice eutectic bath so that the
ether slowly condensed onto the dichloromethane solu-
tion. After 48 h copius amounts of an orange precipitate
were present under an orange solution. The apparatus
was transferred to a — 15°C freezer, allowed to cool to
that temperature and then the supernatant was filtered
off. The solid was washed twice with ether, the wash-
ings being combined with the supernatant in the H-
shaped recrystallizer. The solvent was removed in vacuo
to give an orange crystalline precipitate (1.02 g or 52%)
and an orange oily residue from the combined washings
and supernatant. It should be noted that the residue was
composed of nearly all 4. Also, in some instances, oils
rather than crystals were obtained, but the oily material
may be redissolved and treated as above to eventually
give similar yields. See Tables 2 and 3 for NMR data.
Analytical data. ((n*-C;H)P(C H ), N7 -CsH)Zr-
(CH,CH)(-CO-CH,CH) (3), calculated for
C,, H,,0PZr (found): c, 72 |6% (70.31%); H, 5.40%
(5.37%); P, 5.03% (4.79%). [(n*-CsH IP(C H,), ;-
ZrCH,C H X-CO-CH,CH;) (4), calculatud for
C 4 H ;, 0P, Zr (found): C. 73.56% (71.81%); H, 5.29%
(5.19%); P, 7.74% (7.27%).
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