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Abstract:

Fluoroarene-Cr(CO);L complexes with L = CO, PPh3, P(OPh)3, P(pyrrolyl)a, and P(pyrrolyl)2(NMeBn) have
been evaluated for rates of nucleophlhe substitution by amines and other nucleophxles "While there is a strong
effect on relative rates depending on nucleophile type and the electronic effects of L, the P(pyrrolyl)s and
P(pyrrolyl);-(NMeBn) complexes show general reactivity comparable to the parent complexes, with L = CO.
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Introduction. We arc interested in the polymer-bound metal-ligand system shown
schematically in fig 1, which is the basis for creating libraries of aromatic compounds via
muitiple substitution at the arene ligand using solid phase organic synthesis. The chromium-
ligand unit acts as the activating group3 for the substitution reactions and as the linker to the
polymer. In the role as linker, with easy oxidative or ligand exchange for detachment of the
arene, the chromium-ligand unit is a special case of a "traceless linker."4 Based on known
reactivity of arene-Cr(CO)3 complexes, reasonable leaving groups are Cl and F; likely
nucleophiles are amines, and alkoxide, thiolate, and stabilized carbon anions. An effective
process will have high yields and similar conditions for each substitution step.
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From one study of the SNAr substitution of amines with fluoroarene-Cr(CQ)3 complexes,>
and numerous isolated observations,3 it is not clear whether to expect rate-determining
addition of the nucleophile (kj, fig 2) or rate-determining loss of the halide from the anionic
intermediate (k2). The reverse of nucleophile addition is assumed to be faster than the addition
(k-1 > k1).6 An electron-donor phosphine (L in 2) is expected to decrease kj and increase k.
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as the r.d.s., and contrasting with the mechanistic results for the case employing amine
nucleophiles and complex 2 where L = CO and X = F.5 Here we report preparative and
spectroscopic (19F NMR) studies to evaluate the effect of variations in the ligand L, the
nucleophile, and the arene substituents on the SyAr reactivity of fluoroarene-chromium
complexes. The goal is identification of a system amenable to application in solid phase
synthesis, with quantitative reactions under mild conditions.

>

U

. N
~ ' NU
Figure 2 Q_X - ki & 7 X ka ul
- s ————————————— 1

"‘80 L{g0

v

.

+ Nu K.q @C
L= Ko
Co

Results and Discussion. Table 1 displays the results of a series of kinetic
determinations in DMF at 25 OC using 19F NMR spectroscopy and fluoroarene-Cr(CO)3
complexes.8 The first four examples, a-d, show clearly the expected interplay of resonance
and inductive substituent effects, consistent with k| as the r.d.s. The p-methoxy substituent,
with a dominant electron donating effect, slows the rate by a factor of 15. The m-methoxy
group has almost no effect, and the o-methoxy inductive withdrawing effect partially
compensates for the resonance donor effect, leading to a rate decrease of only 2.7-fold. Ine,
the fluoro substituent is selectively replaced, and the m-chloro substituent has a rate-enhancing
effect of 4.5. There is a remarkable variation in rate with amine structure, with pyrrohdlne

being faster by a factor of >100 compared to a simple primary amine (entry f) and compared
to another secondary amine (entry g). Representative oxygen (h), sulfur (i), and carbon (§)
nucleophiles show reactivity in the same range, with alkoxy being the faster by a factor of 13
over thiolate and a factor of 165 over malonate.

Table 1. Rate of Reaction of Fluoroarene Ligands with Nuc!eephi!e&lo

Nucleophile Arene-Cr(CO)3 complex Half Lifetime

a Pyrrolidine Fluorobenzene 67 sec

b Pyrrolidine 2-Fluoroanisole 180 sec

C Pyrrolidine 3-Fluoroanisole 65 sec

d Pyrrolidine 4-Fluoroanisole 1010 sec

€ Pyrrolidine 3-Chlorofluorobenzene 15 sec

f HoNiPr Fiuorobenzene 9000 sec

g HNMeBn Fluorobenzene 11100 sec

h NaQiPr Fluorobenzene 20 sec

i NaSCHjPh Fluorobenzene 266 sec

j NaCH(CO2Et), Fluorobenzene 3300 sec

Surprisingly few amines have been evaluated in reaction with chlorobenzene or
d

fluorobenzene ligands.? / isplays the results of preparative experiments with
rrolidine (.-) or N-methylbenzyla-‘ ine (B) with fluorobenzene and isomcric ﬂ orOdmsoles
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A/22mol-eq, 6h H 98%
Wan A/22moleq 6h  2-OCHj 96%
SN U N A/2.2mol-eq, 12h 3-OCHj3 95%
A= SN2 A /4.0 mol-eq, 16h 4-OCHj3 97%
X | ro Y= A X | A/D9 mnl.ny 0 Eh - Well Qa7or
I v / ML N Uq, .dil fe il 4 § If /0
Lo o _Cru, y B/2.2 mol-eq, 24h H 98%
oc:/C I HN\_ oc/c €0 B/2.2mol-eq, 6h 3-OCH3 89%
Ph B/2.2mol-eq, 6h 4-OCH3 88%

B ’
B /2.2 mol-eq, 16h 3-Cl 9%

In evaluating candidates for the linker ligand, L in fig. 1, phosphorus-based ligands offered
convenience and well-established patterns of steric and electronic effects on reactivity of
attached ligands.!l The series of complexes shown in Table 3 was prepared from the
corresponding arene-Cr(CO)3 complexes by initial photochemical formation of the arene-
Cr(CO)a(cyclooctene) derivative,!2 followed by thermal replacement of cyclooctene by the
ligand of choice.!3 The trimethylphosphite complex!2.14 was unstable and decomposed during
purification and further reactions. The tris(pentafluorophenyl)phosphine complex reacted
with pyrrolidine by rapid substitution!3 for the p-fluoro substituents of the phenyl groups on
the phosphorus, which complicates the use of this phosphine for further development. The
other complcxcs were tested for relative reactivity, in comparison with fluorobenzene-
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\_,I'(LU)?,, agam USIIlg 1I9F NMR in DMF at 23 OC with excess amine (lable j)

F
—T- ome, 250c =N a. PPh, >>48.0 h
| — | b. P(OPh), 6.1h
L A \“CO L) L/C \'CO c. P(Pyr); 91 sec
3 7 N Lo d. P(Pyr),(NMeBn) 33.6 min

The triphenylphosphine ligand (in 3a) strongly inhibits substitution; even with the amine as
solvent on a preparative scale at 50 ©C, no conversion was detected. Triphenylphosphite (in
3b), a less electron donating ligand, restcres useful reactivity and the fluorobenzene ligand
undergoes substitution with pyrrolidine in DMF at 23 OC about 3800 times slower than
fluorobenzene-Cr(CO)3 under similar conditions. Unlike simple aminophosphines,
tris(pyrrolyl)phosphine [P(Pyr)3 in 4] is relatively stable toward cleavage of the N-P bond and
shows a relatively strong electron withdrawing

effect, nearly comparable to CO.16 This is / \ 7\
) . ) P
consistent with rapid substitution for fluoride in N
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91 sec, only 1.4 times slower than the parent
fiuorobenzene-Cr(CO)3 compiex. While one can
imagine tethering 4 to a solid support (as L in fig 1), we developed an alternative, 5, involving
a benzylmethylamino substituent on phosphorus.!7 The benzylamino group in 5 mimics the
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. narativo oactinne wit Quhctitutad Flinaraarana . Or/CONAT Camnlavac
PFRIauivr MUAtUUs il SUOSuitl SaUirdarciiceu iy 2 UUINPITCRES
Avnrmal Yl MW Y A eeafann Fa PR Py w1
SAICHTUI\VVY )L Aminc COIIUILIVID 11%iu
AL . 1:1r P OLC
Sp Pyrrolidine neat, 23 ¥C,45 h 56%
3¢ Pyrrolidine 15 mol-eq, 25 ©Cd 87%
1 d Pyrralidine A rmnl an N2 00 1 I QAT
o G Yy GaGine 4 [i01-€G, <J ¥\, 1 11 0576
(a) The oroduct was isolated from combined 19F NMR samnles
(@) 10€ proGuct was 180:at€d Irom CoOmoInea "1 INMIN Sampics

Summary. The preparative and kinetic results indicate that SNAr reactions on
tris(pyrrolyl)phosphine-modified fluoroarene-chromium complexes proceed rapidly and with
high efficiency, appropriate for the deveiopment of solid phase versions for combinatorial
synthesis. We are investigating the reactivity of polymer-supported analogs of the fluor-
arene-Cr(CO)2PPyrp(NBnMe) system, where the Bn group is part of a polystyrene chain.1?

References and Notes
| mfshack @princeton.edu; tel: 609 258-5501; fax 609 258-3409
2 BASF Postdoctoral Fellow, Princeton University, 1996-1998.

3 Semmelhack, M. F., in "Comprehensive Organic Synthesis," Trost, B. M., and Fleming, I., eds., Vol 4, Pergamon Press, Oxford,

1992. p 423.
4Fm‘areview see: Backers, B. I., Ellman, J. A. Curr. Opin Chem. Bio., 1997, 1, 86.
5 Bunnett, §. F.; Hermann, H. J. Org. Chem., 1971, 36, 4081.

Anionic mtermedlates related 10 1 can be generated by addition of highly reactive nucleophiles (k}> k.1), and are stable in the
absence of a leaving group at the position. For a discussion, see reference 3.

7 For one example with chlorobenzene, involving L = PPh3 and P(nBu)3 showing no reaction with sodium methoxide, see: Ogata,
L; Iwata, R.; Ikeda, Y. Nippon Kagaku Zasshi, 1969, 90, 1156.

8 Integral areas of the signal due to fluoride on the starting fluoroarene ligand were determined relative to an internal standard, o,a,0—
trifiuorotoluene, which was shown to be inert under the typical reaction conditions. Using a large excess of nucieophiie, pseudo-
first order conditions were demonstrated. For the example of pyrrolidine and fluorobenzene-Cr(CO)3, the plot of In (integral area)
vs time gave a straight line with R = 0.99934 over 90% reaction (28 data points). The solvent was DMF and the arene complexes
were typically at ca 0.05 M. In parallel preparanve experiments, the yields were shown to be >95%.

9 Pyrrolidine, piperidine, and n-butyl amine were used by Bunnett in the kinetic study. 5 See also preparative studies with (a)

pyrrohdme and benzy]amme/ﬂuoroarenes see: Gllday, J. P.; Widdowson, D. A. Tetrahedron Lett 1986, 27, 5525; (b)
morpholine/fluorobenzene, see: Mahaffy, C. L.; Pauson, P. A. J. Chem. Res., 1979, 128.

10 Rgprp:pnt ative proce ~edure for the nuc ‘pnphl]u bnhbhlnlu n on {luoroarene-chromium- tru"zrhnnv] ann‘PY_P:‘ In a 50-mL round
bottom flask under argon, fluorobenzene-chromium-tricarbonyl (50 mg, 0.21 mmol) was dlssolved in 2 mL of dry DMF and
pyrrolidine (2.2 mol-eq, 34 mg, 0.47 mmol) was added all at once. The mixture was stirred for 6 h at 23 OC and the volatiles

were rl-ml\\/nd hv rotarv Pv'lnnrnhnn Thn rpu{hu-‘ was ¢ hrnm atoors: lnhﬂr{ (ann thqnn—\L/ﬁlh\/] acetate = A/l as P]Ianl\ ThP vpllnw
v ay roary cvaporatl resiCuUe w

as &f a0 ICC 3172, NOS/CUY L QLClail = ay Ciucd

band was collected and the solvent removed to yield the product (60 mg, 0.21 mmol, 98%) as a yellow solid.
11 (a) The clectronic effects can be assessed by the effect on the IR stretching frequency for a CO in the same ligand sphere. See:

Poulton, I. T; Sigalas, M. P.; Folting, K.; Streib, W. E.; Eisenstein, O.; Caulton, K. G. Inorg. Chem., 1994, 33, 1436, (b)

The steric effects have been evaluated in terms of the cone angle for the ligand. See: Tolman, C. A. Chem. Rev., 1977, 77, 313.
12 Bernardinelli, G; Cunningham, Jr., A.; Dupré, C. Kiindig, E. P.; Stussi, D.; Weber, J. Chimia, 1992, 46, 126
17 T

he vields for the thermal replacement of the cyclooctene licand are as follows: L = PPhe 95%: Df(\Dh QR

v ]l\./l\JQ 1VUL uilv tlilwiliial l\,}llah\tlllUIlL Vi LI U]UI\JUML\IIIU v ao VYO, dw ™ 2 4 IIJ S Uy AR L) Ed ’Vy
P(CgF5)3 49%; P(Pyr)3 76%; P(Pyr)2(NMeBn) 67%.

14 Brown, P. A.; Lyons, H. I.; Manning, A. R. Inorg. Chim. Acta, 1970, 4, 428.

15 Hanna, H. R.; Miller, J. M. Can. J. Chem., 1979, 57, 1011.

16 For discussion and leading references, see: Moloy, K. G., Petersen, J. L. J. Am. Chem. Soc., 1995, 117, 7696.

17 This phosphine can be synlhesiu:d in 4 one put procedure in good yields A 100-mL Schlenk flask is charged with pyrrole (freshly
distitied, 1.59 mL, 1.54 g, 22.9 mmol) and 1 n:tu_yldluiui: \U 39 mL, 4.64 £, 45.9 mmol) in 65 mL THF under argon a{mesphere
and the mnxturc was cooled to -78 OC. Trichlorophosphine (1 mL, 1.574 g, 11.5 mmol) was added slowly, the mixture stirred for
15 min at -78 ©C, allowed to reach ambient temperature over 1 h and subsequently heated to 60 °C. After 24 h, 1 mol-eq N-
benzyl methyl amine (1.48 mL, 1.39 g, 11.5 mmol) was added and the mixture stirred for another 24 h at 60°C. The white
precipitate is filtered off and washed with THF. The volatiles are distilled off and the residue is taken up in hexanes and the
solution is filtered once more. The solvent is evaporated and the residuc was subjected to column chromatography (SiO2, n-
hepiane) whereafier 2.98 g (92%}) of the phosphine are obtained as colorless liquid.

18 For a recent application, see: Chatterjee, S.; Pedireddi, V. R.; Rao, C. N. R. Terrahedron Lett., 1998, 39, 2834.

19 We wish to acknowledge financial support in the form of a BASF postdoctoral fellowship to GH.

oo
igaii



