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Abstract: The reactions of [Pt(triphos)(CI][CI]1] {triphos = bis[2-(diphenylphosphino)ethyl]lphenylphosphine

with NaOGH4-p-R, in the presence of NakFyields the aryloxy complexes [Pt(triphos)(e-p-R)][PFs] (R =

OMe (2a), Me (2b), H (20), F (2d), CI (2€)). Upon reaction oRa—e with carbon monoxide at pressures from 10

to 134 psi in acetonitrile the (aryloxy)carbonyl complexes [Pt(triphos)(C(QM2@-R)][PFs] (3a—e) were obtained.

The molecular structure of [Pt(triphos)(C(O)@G-p-Me)][PF¢] (3b) was determined by X-ray diffraction. Complex

3b crystallized in the monoclinic space groBgy/n (no. 14) witha= 10.797(1) A b= 19.927(3) Ac = 19.113(2)

A, p=98.07(1}, V= 4071(2) B, andZ = 4. The structure was solved and refinedRte= 0.035 andR,, = 0.040

for 3958 reflections withl > 30(l). The kinetics of the carbonylation &a—e to form 3a—e were studied by
31p{1H} NMR. Rates of carbonylation exhibit a first order dependence on [CO], but are independent of the
concentration of free aryloxide in solution. Rates of aryloxide ligand exchange were also found to be significantly
faster than rates of carbonylation. The rates of carbonylation depend pareubstituent of the aryloxy ligand

and follow the order FZd) > Me (2b) > OMe (2a). These observations are interpreted in terms of a carbonylation
mechanism that proceeds via a migratory insertion pathway, rather than by nucleophilic attack at coordinated carbon
monoxide by free or dissociated aryloxide.

complexes has been slower to develdpl6:21.23.2636 Bercaw

. o ) ) and Bryndzaet al. have shown that homolytic POR bond
We report synthetic and mechanistic studies of platinum
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late transition metal aryloxides was once considered to be limited 1986 108 6387-6389.
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by the incompatibility of the “hard” basic ligands and “soft”
metal centerd”3 In the wake of the earlier development of
metal alkyl chemistry, there now exists a growing body of
research on such complex&s.While a significant number of

examples of late transition metal alkoxy complexes now exist
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Reactbity of Platinum-Oxygen Bonds

energies in alkoxy complexes are comparable to theCRspP)
bond energies of the alkyl complexeCompared to the alkoxy
complexes, the chemistry of late transition metal aryloxy
complexes is expected to reflect a weaker®lbond, inasmuch

as the homolytic and heterolytic bond strengths for aryloxide
complexes are expected to be lower.

J. Am. Chem. Soc., Vol. 118, No. 20, 14887

Table 1. S3P{'H} NMR Data for Complexega—e,

[Pt(triphos)(OGH4-p-R)][PF]
] PR
Chel”

— Pt
O

There are two principal mechanisms by which late transition
metal aryloxy complexes can be carbonylated to their respective
(aryloxy)carbonyls. The first is classical migratory insertfén,

Pg, trans-phosphiné Pg, trans-phosphineé

where the aryloxy ligand migrates to a carbon monoxio R g 0(Pe) 1J(P|_t|_PB) 0(Pa) 1J(P|_t|_PA) Hammett
the aryloxy ligand, eq 1. Bryndza concluded that this mecha- (compound) (ppmy (H2) (PpmY (Hz) 9
Cl (2¢ 75.69 2870.4 40.89 2608.8 0.23
o F (2d) 7548 28409 4080  2633.8 0.06
Il H (20 75.53 2835.4 40.32 2620.0 0.00
c Me (2b) 75.26 2808.8 40.31 2641.2 —-0.17
| OMe (29) 75.09 2795.4 40.40 26495 —0.27
L,M—OAr L,M— OAr L,M(CO)OAr @

a2 Recorded at 80.98 MHz in GIGN at 293 K; chemical shifts are
relative to external 85% #PQ, at 0.00 ppm® The Hammett-valueg’
are included as a reference to the electron-donating nature of the
aryloxide.¢ The 2J(Pao—Ps) coupling constant foRa—e is 3 Hz.

nism is important in the carbonylation of the platinum alkoxy
complexes Pt(dppe)(OMe)(R) R OMe, Me; dppe= 1,2-bis-
(diphenylphosphino)ethand&). This conclusion was based on
NMR evidence of a five-coordinate carbon monoxide adduct, enced to external TMS via residual solvent peak¥ NMR spectra
insertion rates that are faster than methoxide dissociation, andwere referenced to external 85%R0, and were all proton decoupled.
crossover studies that show no incorporation of labeled meth- Infrared spectra were obtained using a Perkin-Elmer 1710 Fourier
oxide. A second type of mechanism that must be consideredtransform spectrometer with a 1700/PC data station.

in view of the lower M—OAr bond energies expected for late All reactions and manipulations were carried out under a nitrogen
transition metal aryloxy complexes is nucleophilic addition of atmosphere using a nitrogen-filled glovebox (Vacuum Atmospheres)
the aryloxide to coordinated carbon monoxide. This involves ©F by standard Schienk line techniques. The N&@ reagents were
substitution of a weakly bound aryloxy ligand by carbon prepared from the CorresponQIng phenol anq a 5-fold excess of NaH
monoxide, followed by nucleophilic addition of the displaced in THF. Unreacted NaH was filtered off, the filtrate concentrated, and

. . hexane added to precipitate the white product. Pt(cedpod= 1,5-
aryloxide to the carbonyl ligand, eq 2. Atwoed al. found cyclooctadiene) was prepared by a published literature procédiure.

Synthesis of [Pt(triphos)(CI)][CI] (1). This complex was prepared
by modification of the previously reported synthesis of Pt(dmpe)ClI
(dmpe=1,2-bis(dimethylphosphino)etharf@y! A solution of Pt(cod)-
Cl; (1.63 g, 4.33 mmol) in methylene chloride (30 mL) was added to
a solution of triphos (2.32 g, 4.33 mmol) in methylene chloride (30
mL). After 30 min, the solvent was removeadvacuoto give a white

L ,M—OAr <= L M(CO)* + “OAr —L,M(CO)OAr  (2)
that nucleophilic addition of aryloxide to the coordinated carbon
monoxide ligands of [Ir(CQJPPh)z* occurs during the

reactlo_n egg lr(CO)(PPQZ(.OR) (R e Me, Ph) with carbgn solid which was washed with diethyl ether and recrystallized from
.monOXId. ’ S.pectrosclo_plc observation of the Ir(G’G_)PmZ .. methylene chloride/heptane. Compoundgas isolated as a white solid
|ntermed|ate_ inquantities dependent on phenoxide basicity gng dried under vacuum. Yield: 2.84 g, 81.4% NMR (CD.Cl,,
supported this conclusion. 300 MHz, 8, ppm): 2.2 (m, 2H, P-B), 2.7 (m, 2H, P-G), 3.1 (m,

We describe the synthesis of a series of new platinum aryloxy 2H, P-CH,), 3.8 (m, 2H, P-El), 7.5-8.4 (m, 25H, triphos phenyl).
complexes and their reactions with carbon monoxide to give 3'P{!H} NMR (CDsCN, 80.98 MHz,d, ppm): ABX, (Pa) 42.27,
(aryloxy)carbonyl complexes. We present evidence, based on'J(Pa—Pt) = 2483.6 Hz; (B) 86.34, 1J(Ps—Pt) = 3027.8 Hz,
kinetic studies of the carbonylation reactions, concerning the *J(Pa—Ps) = 1.5 Hz.

mechanism of formation of the (aryloxy)carbonyl complexes.  Preparation of Aryloxide Complexes. *P{'H} NMR for com-
plexes2a—e are presented in Table 1. The designatianréfers to

phosphorus nuclaiisto the aryloxide, and frefers to the phosphorus
. . ] nucleustransto the aryloxide.

Ger_1era| Con5|derat|_ons K2PtCl, was purchased from AIdnph Synthesis of [Pt(triphos)(OGH.-p-OMe)][PF¢] (2a). To an ac-
Chemical Co. or obtained on loan from Johnson-Matthey. Triphos etonitrile (7 mL) solution of NaP§(0.1898 g, 1.1300 mmol) and [Pt-
was purchased from Strem Chemical Co. Carbon monoxide (research(triphos)(CI)][CI] (0.2459 g, 0.3072 mmol) was added NaBigp-
grade) was purchased from Matheson. All phenols and sodium hydride Me (0.0523 g, 0.3233 mmol), giving a light yellow solution. After 10
were purchased from Aldrich. These materials were used without min the solvent was removeih vacua The remaining solid was
further purification. Sodium hexafluorophosphate was purchased from redissolved in methylene chloride, the solution filtered, and the filtrate
Aldrich, dried under vacuum at 15 for 36 h, and stored in aninert  driedin vacuoto give a yellow solid. Yield: 0.2645 g, 85.0%H

Experimental Section

atmosphere glovebox.

Acetonitrile and methylene chloride were freshly distilled from @aH
under a nitrogen atmosphere. Anhydrodseptane was purchased from
Aldrich. Deuterated acetonitrile (99.9%) was purchased from Cam-

bridge Isotope Labs. Deuterated acetonitrile and methylene chloride

were stored under nitrogen and used as received.
1H and 3P NMR spectra were recorded on a Varian XL-200 or
General Electric QE-300 spectrometétd NMR spectra were refer-

(35) Hartwig, J. F.; Andersen, R. A.; Bergman, R. @ganometallics
1991, 10, 1875-87.

(36) Ladipo, F. T.; Kooti, M.; Merola, J. $norg. Chem1993 32, 1681~
1688.

(37) Flood, T. C.; Jensen, J. E.; Statler, J.JJAAm. Chem. Sot981,
103 4410-14.

(38) Bryndza, H. EOrganometallics1985 4, 1686-7.

NMR (CD:CN, 200 MHz,d, ppm): 3.4 (s, 3H, O83), 2.1-3.3 (m,
8H, P-tH,), 6.2 (d, 2H, ®), 6.4 (d, 2H, &), 7.2-8.2 (m, 25H, triphos
phenyl). Anal. Calcd for GHsO-FsPsPt: C, 49.96; H, 3.99.
Found: C, 49.02; H, 3.94.

Synthesis of [Pt(triphos)(OGH s-p-Me)][PF¢] (2b). This complex
was prepared similarly t@a from NaPFk (0.1137 g, 0.6770 mmol),
[Pt(triphos)(CDH][CI] (0.1924 g, 0.2405 mmol), and Nagt-p-Me

(39) McDermott, J. X.; White, J. F.; Whitesides, G. M. Am. Chem.
Soc.1976 98, 6521-6528.

(40) Anderson, G. K.; Lumetta, G. Inorg. Chem.1987, 26, 1518~
1524.

(41) Although first prepared in 1971 by King et. dh@rg. Chem 1971,
10, 1841-50), this synthesis requires less time. The yields are similar to
the earlier preparation and give a product spectroscopically identical to that
reported for [Pt(triphos)(CD][CI].
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Table 2. 3'P{*H} NMR Data for Complexe8a—c, (gauge pressure) of carbon monoxide. Although the reaction proceeds
[Pt(triphos)(C(O)OGHs-p-R)][PF] to completion, the product from this NMR scale reaction was not
Ps, trans-phosphine  P,, cis phosphine isolated. _ ,
Synthesis of [Pt(triphos)(C(O)OGH +-p-F)][PF¢] (3d). This com-
R 0(Ps  (Pt=Pg)  (Pa) (Pt-Pa) Hambmett plex was prepared similarly t8a from a methylene chloride (1.5 mL)

(compound) (ppmy  (Hz)  (ppmp  (H2) o solution containing [Pt(triphos)(QBls-p-F)][PR] (2d) (0.0151 g,

Cl (3¢ 90.86 1665.8 40.04  2607.6 0.23 0.0153 mmol). Yield: 0.0076 g, 48.0%. IR (KBrp(CO)= 1673

F (3d) 90.88 1658.5 40.01 26111 0.06 cm L,

H (30) 90.79 1648.0  39.75  2622.3 0.00 Reaction of [Pt(triphos)(OCsH4-p-Cl)][PF¢] (2e) with Carbon

Me (3b) 90.71 1642.4 39.70 2627.9 —0.17 Monoxide. The complex [Pt(triphos)(C(O)Q8s-p-Cl)][PF6] (3€) was

OMe (38  90.55 1643.1 ~ 39.60  2626.4 —0.27 preparedn situfrom a methylene chloride (1.5 mL) solution containing

aRecorded at 80.98 MHz in GRIN at 293 K; chemical shifts are  [Pt(triphos)(OGHe-p-CI][PFé] (26) (0.0450 g, 0.0466 mmol) pressurized
relative to external 85% #PQ; at 0.00 ppm® The Hammett valued? with carbon monoxide. This reaction was found®y{*H} NMR to
are included as a reference to the electron-donating nature of theproceed only to 90% completion with 100 psi (gauge pressure) of carbon
aryloxide.© The 2J(Pa—Ps) coupling constant foBa—e is 6 Hz. monoxide, and the complex was not isolated.

Collection of X-ray Diffraction Data for [Pt(triphos)(C(O)OC eH4-
(0.0369 g, 0.2532 mmol) and was isolated as a yellow solid. Yield: p-Me)][PF¢] (3b). Crystals suitable for a single-crystal X-ray diffrac-
0.2100 g, 89.0%.'*H NMR (CDsCN, 300MHz,8, ppm): 2.1 (s, 3H, tion study were grown by placing a methylene chloride solution of

PhCH3), 2.2-3.6 (m, 8H, P-Ei,), 6.5 (d, 2H, ), 6.8 (d, 2H, ¢1), [Pt(triphos)(OGH4-p-Me)][PFs] (2b) into a pressure valve NMR tube.
7.2—-8.2 (m, 25H, triphos phenyl). Anal. Calcd forEl,0FsP4Pt: The solution was then carefully layered with dry heptane, and 100 psi
C, 50.16; H, 4.11. Found: C, 50.04; H, 4.48. of carbon monoxide was introduced into the tube. A pale yellow crystal

Synthesis of [Pt(triphos)(OPh)J[PR] (2c). This complex was  ©Of CazHaoPtFOzPs having approximate dimensions of 0.350.28 x
prepared similarly t@®a from NaPF (0.1049 g, 0.6249 mmol), [Pt-  0-24 mm was mounted on a glass fiber in a random orientation. The
(triphos)(CN][CI] (0.1667 g, 0.2082 mmol), and NaOPh (0.0248 g, Structure was solved using the Patterson method which revealed the
0.2193 mmol) and was isolated as a light yellow solid. Yield: 0.1730 Position of the Pt atom. The remaining atoms were located in
g, 86.1%. H NMR (CD:CN, 300 MHz,d, ppm): 2.1-3.4 (m, 8H, succeeding difference Fourier syntheses. Hydrogen atoms were located
P-CH,), 6.5 (M, 3H, @), 7.0 (d, 2H, &), 7.2-8.2 (m, 25H, triphos and added to the structure factor calculations, but their positions were

phenyl). Anal. Calcd for GHaOFsPsPt: C, 49.65; H, 3.96. Found: not refined. The final cycle of refinement converged wihk= 0.035
C, 49.69: H, 4.12. andR, = 0.040. Plots of w(|Fo| — |Fc|)? versus|F,|, reflection order

. . . in data collection, sirg/4, and various classes of indices showed no
waiygrtzpe)zlrz(;)fsi[rztig:ﬁ/h?dsg(gcf?‘;\-IF;-IL:I)E}[{P()FZ]ZA(éd)g. '2I' ?gfsmnmli)l() unusual trends. The highest peak in the final difference Fourier had a
[Pi(triphos)(CI][CI] (0.4394, 0.5488 mmol),'and Na(’ad-p-F (0.1089 ' height of 0.67 e/A T_he cryst_allographic dgta are summarized in Table
g, 0.8122 mmol) and was isolated as a light yellow solid. Yield: 0.5146 3. An ORTEP drawing oBb s presented in Figure 1. Selected bond

distances and angles are listed in Table 4.
g, 95.1%. 'H NMR (CDsCN, 300 MHz,d, ppm): 2.1-3.4 (m, 8H, L ) ; .
P-CHy), 6.3 (M, 2H, ), 6.3 (M, 2H, &), 7.2-8.1 (M, 25H, triphos Kinetic Studies. Rates of carbonylation d?a—d were followed

. . by 3'P{*H} NMR under carbon monoxide pressure at ambient temper-
L1
Egi%l) CAn:;I. 7§?Ed ;O;gHwOF’P“Pt 1CHLCL: C, 47311, 3.73. atures®® In a typical experiment, a pressure NMR tube (Wilmad) was

) ) . charged in an inert atmosphere box with an acetonitkjlselution of
Synthesis of [P(triphos)(OGH4-p-CI)J[PF¢] (2€). This complex one of the platinum aryloxy complex@a—d. Experiments with excess

was prepared similarly t@a from NaPF (0.24 g, 1.43 mmol), [Pt- 5rjoxide ligand required a 1:1 acetonitrilgTHF solvent mixture.
(triphos)(CI][CI] (0.1601 g, 0.2000 mmol), and Na@G-p-Cl (0.0602 An initial 3P{*H} NMR spectrum was taken before the tube was
g, 0.3999 mmol) and was isolated as a light yellow solid. Yield: 0.1740 o\acated and pressurized {1TB4 psi gauge) with carbon monoxide.
g, 87.0%. 'H NMR (CD:CN, 300 MHz,6, ppm): 2.1-3.5 (m, 8H, 31p{1H} NMR spectra were then taken at regular intervals. Signals
P-GHy), 6.4 (d, 2H, G1), 6.5 (d, 2H, G1), 7.3-8.1 (m, 25H, triphos ¢4 regponding to the starting aryloxy complex@a—d and the
phenyl). Anal. Calcd for GHyOCIFsPPt: C, 47.94; H, 3.72. carbonylated (aryloxy)carbonyl produ®a—d were integrated, and

Found: C, 47.75, H, 3.73. these integrations were used in the kinetic data analysis. —Siice
Preparation of (Aryloxy)carbonyl Complexes. **P{*H} NMR for relaxation timesTy) for 2awere determined by inversion recovery for
complexes3a—e in acetonitrileel; were recordedn situ using high- Pa (4.8 s) and B (3.4 s). To obtain accurate integrations, a single 35

pressure NMR tubes pressurized with carbon monoxide. Results arepulse was used wita 6 srecycle rate atha 2 sacquisition time. The
presented in Table 2. The designation whexed¥ers to phosphorus  pressure NMR tubes were individually calibrated so that sample
nucleicisto the (aryloxy)carbonyl andgfefers to phosphorus nucleus  volumes could be easily determined from sample height. The total

transto the (aryloxy)carbonyl is retained. volume of the tubes was also calibrated. The concentration of carbon
Synthesis of [Pt(triphos)(C(O)OGH +-p-OMe)][PF¢] (3a). A pres- monoxide in acetonitrile was determined by Henry's fdw.

sure valve NMR tube (Wilmad), containing a methylene chloride (1.5

mL) solution of [Pt(triphos)(OgH4+-p-OMe)][PFs] (28) (0.0319 g, Results and Discussion

0.0315 mmol), was carefully layered with heptane and pressurized with
100 psi (gauge pressure) of carbon monoxide. The tube was allowed
to stand for 3 days at room temperature until yellow crystals formed.

Synthesis of Platinum Aryloxide Complexes. The synthesis
of the platinum aryloxy complexes [Pt(triphos)(e-p-R)]-

IR (KBP): »(CO)= 1655 cm’. Anal. Calcd for GHaOsFePsPt: C, [P_F6] 2a—e proceeds by a metathesis reaction_ involving [Pt-
49.18; H, 3.93. Found: C, 49.17: H, 3.95. _(trlphos)(CI)][CI] and NaO@—I4-p-R, eq 3. The_ anion exchange
Synthesis of [Pt(triphos)(C(O)OGH-p-Me)][PF¢l (3b). This is done concurrently by performing the reaction in the presence

complex was prepared similarly 8a from a methylene chloride (1.5 Of excess NaP& 3'P{'H} NMR provides an excellent means
mL) solution containing [Pt(triphos)(Q€-p-Me)][PFs] (2b)(0.1326 of characterizing platinum triphos complexes. The very small
g, 0.1351 mmol). Yield: 0.0623 g, 45.7%. IR (KBrj(CO)= 1677
cm . Anal. Calcd for GoHaO.FsPsPt: C, 49.96; H, 3.99. Found:

(43) Ambient room temperature in the NMR probe is ca®@2During
the reaction the NMR tube was not removed from the probe. Due to probe

C, 49.35; H, 4.01. design, the probe cooling air provides a thermostatic environment. Experi-
Reaction of [Pt(triphos)(OPh)][PFs] (2c) with Carbon Monoxide. ments with the NMR chemical shift thermometer have shown that the probe
The complex [Pt(triphos)(C(O)OPh)][PF63d) was preparedn situ temperature would vary by less thahl °C over the length of the

: ; o . experiment. Sample heating during the actual NMR experiment, due to
from a methylene chloride (1.5 mL) solution containing [Pi(triphos)- degoupling, shoulg be minim%l as |O\?\I power WALTZ decoﬁpling was used.

(OPh)][PF] (2¢) (0.0450 g, 0.0466 mmol) pressurized with 100 psi (44) Fogg, P. G. T.; Gerrard, V@olubility of Gases in Liquids, A Critical
Evaluation of Gas/Liquid Systems in Theory and Practiighn Wiley and
(42) Solvent incorporation verified blH NMR. Sons: New York, 1991.
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Table 3. Structure Determination Summary for [Pt(triphos)C(O}8&p-Me][PF] (3b)

formula PtRFsO2Ca2Ha4o crystal dimensions, mm 0.360.28x 0.24
formula weight 1009.76 temperature, K 293

crystal system monoclinic radiation (wavelength) Ma k0.710 73 A)
space group P2:/n (no. 14) u, cmt 36.97

a, 10.797(1) h, k, Irange —12to+12,—22t00,0to0 21
b, A 19.927(3) no. of data collected 6839

c,A 19.113(2) no. of unique data 6626

B, deg 98.07(1) no. of data with> 3.00(1) 3958

Vv, A3 4071(2) no. of variables 496

A 4 R 0.035

dcalc, g CI’TT3 1.647 RW 0.040

influence in which the increased electron-withdrawing nature
of the para-substituent leads to increases#Pz—Pt) coupling
constants. The increasingPPt interaction occurs in response
to the presence of progressively weaker ©{CsH4-p-R) bonds,
trans to P, as the electron-withdrawing nature of tpara
substituent is increased. This effect of thara-substituents
on thelJ(Ps—Pt) coupling constants correlates with Hammett
o-values?” This correlation gives a best fit equation!dfPs—

Pt) = (149.3 Hzy + 2834.61;R? = 0.997. The slope of this
correlation, 149.3 Hz, is not a conventional Hamndetivhich
refers to the susceptibility of a reaction’s rate to electronic
effects. However, correlation of NMR parameters with Ham-
metto provides a useful framework for comparison. Further-
more, correlations between Hammetind'H NMR parameters

; 050 )
Figure 1. ORTEP drawing of [Pi(triphos)C(O)QE:Me][PFy] (3b) of substituted phendi® and arylcarbinot%° are reported in

showing 50% probability ellipsoids and the atomic labeling. Hydrogen the literature.

atoms are not shown, and ligand phenyl carbons are shown as points Carbonylation Reactions. When [Pt(triphos)(OgHs-p-R)]-

for clarity. [PFg] is reacted with as little as 10 psi of carbon monoxide, the
31p{1H} NMR shows a downfield shift of the phosphorus atom
trans to the aryloxide, B, along with a decrease in the
1J(Pt—Pg) coupling constant. These changes are characteristic

Table 4. Selected Bond Distances (A) and Torsion and Bond
Angles (deg) for [Pt(triphos)C(O)QE+-p-Me][PF] (3b)

Bond Distances of carbon monoxide insertiott:3238 The replacement of the

Pt:P(l) 2296(2)  O(4%yC(40) 1.28(1) sp® oxygen with an sp carbon puts a ligand with more
PtP(2) 2.254(2) O(41C(41) 1.44(1) h A q | - il it Th
Pt—P(3) 2.292(2) C(4BC(42) 1.38(2) o-character, and largetrans influence, opposite § e
Pt—C(40) 2.111(8) C(41)yC(46) 1.36(1) increasedo-donation from the (aryloxy)carbonyl ligand is
O(40)-C(40) 1.08(1) reflected in a smallefJ(Pt—Pg) coupling constant, for the

Bond and Torsion Angles phosphorusransto the (aryloxy)carbonyl. For example, when
P(1)-Pt=P(2) 85.38(8) P+C(40)-0(40) 122.1(7) carbon monoxide inserts into the-Rd bond of [Pt(triphos)-
Eg)):g:—z((i)o) 3285-?2(;(8) gﬁfé;g)@g)@é)m) Eg-gggg (OCsH4-p-Me)][PFe], the 1J(Pt—Pg) coupling constant decreases
P(2)-PLP(3) 85.03(8) OMALC(AL-C42) 124.(1) from 2808.8 to 1642.4 Hz, and the chemllcal shift gfrRoves
P(2)-Pt—C(40) 1749(2) O(4L)C(A1)-C(46)  115.6(9) downfield from 75.3 to 90.7 ppm. TH8P{'H} NMR data for
P(3)-PtC(40) 925(2)  P(BPtC(40)-0O(40) 75.4(9) the carbonylated producBa—e are summarized in Table 2.

C(40)-0(41)-C(41) 125.7(8) P(EyPt—C(40)-0(41) 118.6(6) For the phosphorus atorais to the (aryloxy)carbonyl, the small
observed changes in chemical shift d&d@Pt—P,) values can
MeCN, NaPF be interpreted in terms of only minor overall structural changes
occurring upon reaction with carbon monoxide. When the
carbonylation is followed by'P{*H} NMR, starting material
[Pt(triphos)(OGH,-p-R)][PF;] + NaCl (3) is seen to cleanly convert to product; no other products or

[Pt(triphos)(CN][CI] + NaOGH,-p-R
1

22 R=0Me 2d:R=F intermediates are seen, Figure 2. The IR spectra of compounds
2b:R=Me 2eR=CI 3ab,d show (aryloxy)carbony¥(CO) bands at 1677, 1655, and
2cR=H 1673 cnt?, respectively, consistent with published spectra of

other alkoxycarbonyl&*33.38
2J(Pa—Ps) couplings are consistent with the expected square  Crystal and Molecular Structure of [Pt(triphos)(C(O)-
planar structure of these compleX&sFurthermore, théJ(Pg— OCgH4-p-Me)][PF¢] (3b). The crystal and molecular structure
Pt) coupling constants are sensitive to the nature of the ligand of the [(-methylaryl)oxy]carbonyl comple8b was determined.
transto Ps.*® For example, as the electron-withdrawing nature This s the first X-ray structure determination of an (aryloxy)-
of the para-substituent on the arene ring of the aryloxy ligands carbonyl complex. Selected bond distances and angles are
is increased from R= OMe (2) to R = CI (2¢), 1J(Ps—Pt) summarized in Table 3. An ORTEP drawing of the molecular

systematically increases from 2795 to 2870 M2{'H} NMR cation [Pt(triphos)(C(O)OgHs-p-Me)]* is given in Figure 1.
data for2a—e are summarized in Table 1. The trend evident

in the3!P{*H} NMR data is rationalized by a “push-pulifans (47) McDaniel, D. H.; Brown, H. CJ. Org. Chem195§ 23, 420.
(48) Ouellette, R. JCan. J. Chem1965 43, 707—709.
(45) Karplus, M.J. Chem. Phys1959 30, 11. (49) Bobko, E.; Tolerico, C. SJ. Org. Chem1983 48, 1368-1369.
(46) Hartley, F. RThe Chemistry of Platinum and Palladiytdalsted (50) Ouellette, R. J.; Marks, D. L.; Miller, D1. Am. Chem. S0d.967,

Press: New York, 1973; p 303. 89, 913-917.
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Figure 2. Overlaid 3*P{*H} spectra showing the disappearance of
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geometry; the twotrans angles are P(H)Pt-P(3) = Figure 3. Dependence of the observed rate gi-fiethylaryl)oxy]-
168.60(8) and P(2)-Pt—C(40) = 174.9(2}. Several differ- carbonyl formation on carbon monoxide pressure for [Pt(triphos)(C(O)-
ences are apparent betwedh and the related, structurally OCeHa-p-Me)][PFe] (20).
characterized alkoxycarbonyl$rans-Pt(C(O)OEt(PPh).,8 Pt- 2
(C(O)OMe)(dppe)t* trans-Pt(C(O)OMe)(C(O)Ph)(PRJ.¢ and 1
Pt(C(O)OEt)(G=CC(0)OMe)(PPK)..” The most striking dif- ]
ference is the C(40)O(40) bond distance of 1.08(1) A, similar 1
in length to weakly back-bonded terminal carbonyls. It must
be noted that the thermal ellipsoid of the carbonyl oxygen is
distorted along the C(46)0(40) bond axis, such that this bond
length is artificially shortened. For the complex Pt(dppe)(C(O)-
OMe),, Bryndza reports carbonyl bond distances of 1.191 and
1.202 A4 Alkoxycarbonyl G-O bond distances in the range
of 1.191-1.228(7) A are seen for all of the aforementioned
complexes. The C(48)0O(41) bond distance of 1.28(1) A in
3b is also approximately 0.077(10) A shorter than the average
distance of 1.357(9) A seen for the related complexes. Interest- oo T T T ‘4'0' " 60 j '8'0' 100 120
Egly the longest and shortest bond distances,1£.372 and 1.350 [CO] mM

, for this group are seen in Pt(C(O)OM@_ppe). The Pt- Figure 4. Change in the observed rate ethylaryl)oxy]carbonyl
C(40) bond QIStance is 2.111(9) A, approximately 0.1 A longer fo?mation Vs cagrbon monoxide concer?f;[g':ionyforry[l)Dt(t)r/i]phos)(g(O)-
than PtC distances reported for the related complexes. For OCsH.-p-Me)][PFs] (2b).
the complex Pt(dppe)(C(O)OMeBryndza reports the PIC
bonds to be 2.057 and 2.065Awhile Sen reports the PC first order in [CO], Figures 3 and 4. The reaction shows no
bond as 2.032(9)A for Pt(PE}(C(O)Ph)(C(O)OMe}. The observable dependence on the presence of excess aryloxide in
origin of these differences is probably not due to the presence ¢ tion. The presence of 10, 20, and 40 equiv of aryloxide
of an aromatic ring, but rather it is more likely due to the cationic 54qed to the solution does not affect the rate of the reaction.
nature of comple8b. If the presence of an aromatic ring Were - These observations are consistent with associative kinetics and
a primary factor, one would expect some deviation in the aryl suggest quite clearly that the carbonylations2ef-d do not
carbon-oxygen O(41)-C(41) bond length of 1.44(1) A. The proceed by a rate-determining dissociation of the aryloxide
O(41)-C(41) distance is comparable to the-O bond length ligand.
of 1.401(10) A, typical of aromatic estefs. The C-O bonds While these observations rule out a dissociative pathway, two
in transPt(C(O)OEH(PPhy), ® and Pt(C(O)OEt)(&CC(O)- associative pathways can still be considered. The first pathway
OMe)(PPh);" at 1.459(11) A and 1.436(16) A are also ipyolves classical migratory insertion: axial association of
comparable. Apparently, the cationic nature of the platinum ¢arhon monoxide with the square planar complex followed by
center in3b results in poorer orbital overlap and a longer-Et insertion into the PtOAr bond, eq 4. The second pathway
bond. The result is more electron density on the carbonyl carbon
atom, C(40), and shorter C(40p(40) and C(40)0O(41) bonds. o
A final structural point regardingb is that the (aryloxy)carbonyl W
group adopts a geometry that is tilted 75.4(@jth respect to PR P : — T+
the PtRC plane, while comparable alkoxycarbonyls adopt a CE:P‘:SO_R — B3R O Eg:Pl\C-O-@—R @
nearly perpendicular orientatié:14.52 d

Kinetics of Carbonylation. The carbonylations ofa—d ] o o ]
were followed by?IP{1H} NMR at ambient temperatures, Figure |nv0Ive.s an associative substitution of arylox!(je for 'c.arbon
2. The kinetics of carbonylation are first order idaf-d] to monoxide, egs 5 and 6, followed by nucleophilic addition of
better than 4 half-lives. Varying the carbon monoxide pressuresthe displaced aryloxide to the coordinated carbon monoxide,
from 50 to 134 psi also indicated that the observed rates were€d 7.

In order to distinguish between the two mechanisms that

G _(E’Tt)yﬁ)”rer;é 'j 'éﬁ;ﬁ”g%gd' gngYr?t??;ﬁsDiza%% ‘?S“l"‘_"é”l‘gr' L..Orpen, A. predict associative kinetics with carbon monoxide, aryloxide
'(52) zhong, Z.; Stang, P. J.; Arif, A. MDrganometallic.99Q 9, 1703 ligand exchange and crossover were examined. When 1 equiv
1706. of NaOGHs-p-R' (R' = OMe, H) is added to a solution of [Pt-
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? Table 5. Pseudo-First-Order Rate Constants for the Carbonylation
i of the Aryloxy Complexea—d
T+ H a+
PCo P co PSP kobs Hammett
E"”M\O-C}R Cp=P0O-n © compound (x104M-1sY) ol
? [Pt(triphos)(OGH4F)][PFs] (2d) 1.7+0.2 0.06
i [Pt(triphos)(OGH4H)][PFg] (2¢) 23+02 0.00
T e [PUiphos)(OGH.OME)PR] (2 1002 027
P{pi=P I Ipi—P - 6 riphos e a . . —0.
CePo R EP’H\CsO + "0 )R © [Pt(triphos)(OGH.OMe)][PF] (22)
OCGH 4-p-F OCBH 4-p-Me
EP’_\P 2+ P/_\P Q+ 3 7 .
=Pt + 0o )R — PP @) 1 /
P~ Cs P~ ~co ]
o O//C OO_R 25 1

(triphos)(OGH4-p-Me)][PF] (2b), the3P{1H} NMR shows two
products at equilibrium in solution. These two products can
be identified as [Pt(triphos)(Q€4-p-Me)][PFs] (2b) and
[Pt(triphos)(OGH4-p-R)][PFe] (2aor 2¢). The reaction is slow
enough to enable the observation of two distinct species on the

/ /./// OCgH,-p-OMe
NMR time scale, and the reaction is complete within 20 min. /
This brackets the rate constant for exchange betweémrid

10! s71. These NMR studies also facilitate the measurement /‘//

N

-
(4]

pry

(=]
o
.
L)
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»

-In{aryloxide integration)

of relative stability constanteq for the different platinum 04
aryloxy complexe®2a—e, eq 8. Equilibrium constants of 0.75 ]
-05 T I ML B | 1 T T T T
_ K 0 1 2 3 4 5 6 7 8
[Pt=OCH,P-R)I" + "OCH,p-R = Time ()

[P'[—OCEH4-p-R')]+ + OCH,p-R (8) Figure 5. Dependence of the observed rate of (aryloxy)carbonyl
formation on the aryloxide substituent.
+ 0.2 for the [Pt(triphos)(OgH4-p-Me)](2b)/[Pt(triphos)-

(OCeHs-p-OMe)]* (2a) system, 0.31= 0.2 for the [Pt(triphos)- The rate of carbon monoxide insertion is also related to the
(OPh)I" (20)/[Pt(triphos)(OGH4-p-Me)]* (2b) system, and 0.23  electronic effects introduced by thgara-substituents of the
+ 0.2 for the [Pt(triphos)(OPHJ)] (20)/[Pt(triphos)(OGH4-p- aryloxides, Table 5. The rate of carbonylation for the more

OMe)]* (2a) system were obtained. These equilibrium con- nucleophilic aryloxides is slower than that for the less nucleo-
stants favor the platinum aryloxide complexes of the more philic aryloxides, Figure 5. These rates also correlate well with
nucleophilic aryloxide ligands and should be considered within Hammetto values®® Clearly, the opposite trend would be
the context of the essentially thermoneutral behavior reported observed if nucleophilic addition of the displaced aryloxide, eq
earlier for the exchange of platinum methoxides with meth&nol. 7, were the rate-determining step. The presence of excess
When the equilibrated mixtures of platinum aryloxide complexes aryloxide would also affect the rate if nucleophilic addition to
are reacted with carbon monoxide at 100 psi, both insertion coordinated carbon monoxide were rate-determining. This was
products appear together at rates seen for the same aryloxideot observed. These results remove nucleophilic addition of
complexes alone. Aryloxide exchange is at least a factor of displaced aryloxide to coordinated carbon monoxide, eq 7, as a
1000 times faster than carbon monoxide insertion. Since reasonable rate-determining step. Overall, the facility of aryl-
aryloxide ligand exchange in these systems is so facile, aryloxide oxide exchange and relative rates of carbonylation of equili-
displacement by carbon monoxide is also expected to be rapid,prated mixtures of different aryloxide complexes together with
eq 6. Thus, unless the presence of carbon monoxide profoundlythe decreasedates of carbonylation for platinum complexes
affects the rate of this exchange, it is difficult to seriously of morenucleophilic aryloxide ligands cannot be reconciled with
consider aryloxide dissociation as the rate-determining step in the carbon monoxide-induced aryloxide dissociation mechanism
the carbonylation oRa—e. Inasmuch as square planar ligand summarized in eqs-57.

substitutions are normally associative, we expect phenoxide The relative stability constants of the aryloxide complexes
exchange to be associative. However, we see no indication that,,_ . 414 the electronic influence lara-substituents on the
phenoxide inhibits the carbon monoxide insertion reaction. This aryloxide ligands both indicate the importance of-Bt bond
suggests that the binding of carbon monoxide to the Squarebreaking in the carbonylation mechanism. WHhe@®, calcu-

planar complex is stronger than phenoxide binding. This is to lated from the relative stability constants, is compared,

be ex_pected as phenoxide may only doqate Into a high-energyeoi\,jated from relative rates for carbonylation, a linear relation-
p orbital, while CO may also interact with the lower energy

filed d bital h ; howi h ship is found. For example, thAG® for the [Pt(triphos)-
llled dr orbitals. The crossover experiment showing that (yppveyi (2b)/[Pt(triphos)(OPhOMe)] (2a) equilibrium is
equilibrated mixtures of aryloxide compounds are carbonylated calculated to be 0.71 kd/mol, ankE, is 0.48 kd/mol. In the

to give both insertion products at the same rates expected forrp rinhos)(OPhMe)t (2b)/[Pt(trichos)(OPhIt (2 ilibri-
the isolated species is inconsistent with the CO-induced aryl- Bm( Z%Eiss)(z_w k\?/)rqn(ol ;rEdﬁ(E:Fi)s 01&:')5(2 kJ/)r‘Il(()I.C)Fei?'l:IIIIy I;Ior

oxide dissociative mechanism, eqs-& In the crossover ; : " +
experiment this mechanism would predict preferential dissocia- theuﬂiatt)(rti[:FnhZSG)S?SPQEgﬁ)ﬁ?&rgﬁgfé?fr ‘ég g]yrr?g]l ('Zrﬁ)is
tion of the better leaving group and nucleophilic addition by linear free energy relationship suggests that differences-+HoPt

the more nucleophilic aryloxide already in solution. The b . . o
. . ond energy, determined from the relative stability constants,
expected result would thus be preferential formation of the 9y v

insertion pro_dUCt of the more nucleophilic aryloxide, contrary ™ (53)'A plot of the rate of carbon monoxide insertion versus Hammet
to our experimental observations. gives a best fit line okops = 5.160 + 2.20.
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prior to complete PtO bond cleavage. This effect would
stabilize the transition state and accelerate the rates for the more
nucleophilic aryloxides, a trend opposite that observed by us
experimentally. We believe that a transition state model like
that shown in Figure 6 is sensible for carbonylation of
aryloxides, but in our system the influence of4@ bond

Figure 6. Interaction of the carbonyt* orbital with the aryloxide breaking relative to €0 bond making dominates.

oxygen lone pair. It is interesting to note that while we arrive at the same
mechanistic conclusion as Bryndza for the carbonylation of
contribute to the activation energy for carbonylat®énThis platinum aryloxide complexes, the two systems have differing

supports the notion that PO bond breaking is important in ~ €xchange conditions. In the Pt(dppe)(Ogystem, methoxide
the formation of the transition state. This is further supported €xchange is found to be slow with respect to insertfrin

by the dependence of the observed rates of carbon monoxidethe aryloxide system8a—e, aryloxide exchange is faster than
insertion on aryloxide ligangara-substitution. More nucleo- ~ insertion. In both systems, the mechanism of carbonylation is
philic aryloxide ligands are slower to carbonylate since a @ classical migratory insertion of the alkyloxide or aryloxide
stronger P+O bond must be spent. Together these data support/igand to coordinated carbon monoxide.

our assertion of a classical migratory insertion pathway, eq 4, Acknowledgment is made to the Department of Energy
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energies. We note that migratory insertion of carbon monoxide
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not the available PtC bond3® This preference was attributed  along with tables of positional and general temperature factors,
to the interaction of the oxygen lone pairs with the carbonyl bond distances, bond angles, and torsional angles, and a
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(54) A plot of AG® vs AE, gives a best fit line oAE, = 0.55AG°; R?
= 0.994. JA952680P



