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Abstract 

The amidohydrocarbylnickel(I1) complexes Ni(R)[N(SiMe,CH,PR’,)J (R’ = Ph, 
R = CH,, CH=CH,, GH,, and GH,-p-NMe,; R’ = Me, R = C,H,) react with 
carbon monoxide to generate nickel(O) derivatives of the formula Ni(CO),- 
[RC=N(SiMe&H,PR’,)OSiMqCH,PR’,1. An intermediate in this process is the 
acylnickel species Ni(COR)[N(SiMe,CH,PR’,),1 which has been isolated for all but 
the vinyhnckel derivative; in this last case, addition of one equiv. of CO generates a 
50% conversion to Ni(CO)[(#-CH,=CH)C=N(SiMe&H,PPh,)OSiMqCH,PPh, 1. 
Addition of unlabelled CO to the specifically labelled benzoyl complex 
Ni(i3COC,H,)[N(SiMe,CH,PPh,)J produces Ni(CO),[C6H513C==N(SiMe&H,- 
PR>)OSiMe,CH,PR’J as the only product establishing that no CO insertion into 
the Ni amide bond is occurring. Kinetic measurements are consistent with an 
associative pathway for the reductive elimination of the acyl and amide ligands. The 
X-ray crystal structure of Ni(COqH,)[N(SiMe$H,PPh,),l is reported and shows 
that the acyl unit is perpendicular to the square-plane of the complex; the Ni-C 
bond distance of 1.878 A is typical of a single bond. 

Introduction 

In the process of investigating the carbonylation chemistry of a series of square- 
planar hydrocarbylnickel(I1) complexes of the formula Ni(R)[N(SiMe$H,PPh,),], 
where R = methyl, vinyl or phenyl, we discovered [1,2] an unusual transformation- 
rearrangement apparently involving the formation of a carbon-nitrogen bond by a 
reductive elimination sequence. Although reductive elimination reactions to gener- 
ate C-C, C-H and H-H bonds have been extensively studied [3-51, little is known 
about the analogous sequence to generate C-N bonds [6]. 
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Addition of carbon monoxide (1 atm) to the nickel(I1) complexes 1 results in a 
formal reduction of the metal centre and rearrangement of the ancillary tridentate 
ligand to generate the dicarbonylnickel(0) derivatives 2 as shown in eq. 1. 
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The formation of these nickel(O) species Ni(CO),[RC=N(SiMe,CH,PPh,)OSi- 
MqCH,PPh,] (2a-2c), can result from initial migratory insertion of CO into either 
the nickel-carbon bond of the hydrocarbyl ligand or the nickel-nitrogen bond of 
the amido ligand [7] followed by reductive elimination and a N,O-silatropic re- 
arrangement [2]. In this paper we present the results of a mechanistic study of this 
intriguing involvement of the ancillary ligand in the reaction of carbon monoxide 
with hydrocarbylnickel(I1) complexes. Also included in this work is the first single 
crystal X-ray analysis of a benzoytickel(I1) derivative. 

General procedures. The preparation and manipulation of all compounds were 
carried out using standard techniques and equipment for handling air- and mois- 
ture-sensitive materials as previously described [8]. The syntheses of Ni(R)[N(SiMq- 
CH,PPh,),] (R = CH,, la; R = CH=CH,, lb; R = C,H,, lc) [8], NiCl, - DME 
(DME = 1,2dimethoxyethane) [9], and LiN(SiMe$H,PMq), [lo] were by stan- 
dard literature procedures. All Grignard reagents were freshly prepared in tetrahy- 
drofuran (THF) by standard methods and titrated immediately before use with 0.10 
M HCl. All NMR spectra were recorded in C,D, (Aldrich; dried over activated 3 A 
sieves) unless otherwise indicated. Chemical shifts are in ppm with the coupling 
constants expressed in Hz. ‘H NMR spectra are referenced to GD,iY at 7.15 ppm, 
while 31P{ *H} NMR chemical shifts are referenced to external P(OMe), set at 
+ 141.0 ppm. 

NiCZ[N(SiMe,CH, PiWe,),]. To a suspension of NiCl, - DME (0.46 g, 2.0 mmol) 
in toluene (60 ml) at 0 o C was added a solution of LiN(SiMe$H,PMe& (0.57 g, 
2.0 mmol) in toluene (10 ml). The solution rapidly became cherry red in colour. The 
reaction mixture was stirred at 0 o C for 0.5 h and then at room temperature for an 
additional 0.5 h. Removal of the solvent yielded an orange-brown solid which was 
extracted with hexanes (15-20 ml), filtered through celite and the filtrate reduced in 
volume (to approx. 3-5 ml). Upon cooling to - 30 “C, dark green-red needles 
precipitated out of solution. These were washed with cold (- 30 O C) hexanes (2 ml) 
and dried under vacuum. Yield: 0.54 g (72%). 31P{1H} NMR: -5.95 (s). ‘H NMR: 
Si(CH,),, 0.27 (s); PCH,Si, 0.47 (t, Japp = 6.0); P(CH,),, 1.12 (t, Japp = 4.2). Anal. 
Found: C, 32.23; H, 7.60; N, 3.55. C,,,H,,ClNNiP,Si, calcd.: C, 32.04; H, 7.48; N, 
3.74%. 
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~j~C~~~~[~~~~~e~C~~ PMe,),]. To a solution of NiCl[N(SiM~CH~PMe~)*] 
(0.37 g, 1.0 mmol) in diethyl ether (Et 20, 50 ml) at 0 * C, was slowly added a freshly 
prepared solution of PhMgCl in THF (1.0 ml, 1.0 M, 1.0 mmol). The resultant 
pale-yellow solution was stirred at O*C for 0.5 h then pumped to dryness. The 
mixture was extracted with hexanes, filtered and crystallized from minimum hexanes 
at - 30’ C to give gold-coloured needles. Yield: 0.33 g (80%~. ‘lP{‘H} NMR: 
- 3.68 (s). ‘H NMR: Si(CH,),, 0.36 (s); PC&G, 0.73 (t, Japp = 5.1); P(CH,),, 0.76 
(t, J&,= 4.2); C&, 6.98, 7.05, 7.38, 7.45 (m). Anal. Found: C, 46.22; H, 7.80; N, 
3.20. C&H,,NNiP,Si2 calcd.: C, 46.15; H, 7.93; N, 3.36%. 

Ni(COC,H,)fN(SiMe,CH,PMe,),]. A solution of Ni(C,H,)[N(SiMe,CH2P- 
M%),] (a21 g, 0.5 mmol) in toluene (20 ml) was stirred under 1 atm CO for 1 h at 
room temperat~e. The i~ti~y yellow solution became clear orange in colour 
during this time. The excess CO and solvent were removed in vacua to yield 
yellow-orange crystals of the product. Recrystallization from hexanes at - 30°C 
gave orange needles which were washed with a small amount of cold hexanes and 
dried under vacuum. Yield: 0.19 g (90%), 31P{1H} NMR: -5.42 (s). ‘H NMR: 
Si(CH&, 0.33, 0.38 (s); PCH,Si, 0.68 (m); P(CH,),, 0.66 (t, Japp= 3.0), 1.03 (t, 
J app= 3.8); COC,H,, 7.20, 8.43 (m). Anal. Found: C, 46.25; H, 7.60; N, 3.05. 
C,,H,3NNiOP,Si, calcd.: C, 45.96; H, 7.49; N, 3.15%. IR (KBr, cm-‘) v(COPh) 
1590 (s). 

Ni(CO)* [(C, H,)C= N(SiMe,CH, PMe2)OSiMe,CHz PMe, J. A solution of 
Ni(C,H,)[N(SiMe,CH,PMe,),] (0.11 g, 0.25 mmol) in toluene (20 ml) was stirred 
under 1 atm CO for one day. The solution gradually faded in colour from a 
deep-yellow to a pale-yellow. The solvent was removed in vacua and the resultant 
oil taken up in hexanes (2 ml) and cooled to - 30° C; off-white crystals were 
obtained. Alternatively, this nickel(O) complex can be prepared in an identical 
fashion using the benzoyl complex Ni(COC,H,)[N(SiMe,CH,PMe,), 1. Yield: 0.10 
g (79%). 31P{1H} NMR: -14.5 (s, br). ‘H NMR: Si(CH,),, 0.21, 0.29 (s, br); 
PCH,Si, 0.99 (m, br); P(CH3),, 1.24 (m, br); N=CGH,, 7.08, 7.67 (m). Anal. 
Found: C, 45.87; H, 6.70; N, 2.87. C,,H,,NNiO,P,Si, calcd.: C, 45.61; H, 6.65; N, 
2.80%. IR (KBr, cm-‘): v(C0) 1995, 1935 (vs); p(C=N) 1700 (s). 

Ni(COCH,)[N(SiMe,CH,PPh,),]. Carbon monoxide (1.1 equiv., 25 ml, 0.2 
atm) was added via a calibrated gas bulb to a solution of Ni(CH,)- 
~N(SiM~CH~PPh~)~] (0.12 g, 0.20 mmol) in toluene (20 ml) and stirred at room 
temperature for 5 h; no apparent colour change took place during this period. The 
solvent was removed under vacuum and the product recrystallized from 
toluene/hexanes. Yield: 0.10 g (78%). 31P{*H} NMR: 15.6 (s). ‘H NMR (25°C): 
Si(CH&, 0.30 (br s); PCH,Si, 1.82 (br t); COCH,, 1.71 (t, 4J(P) = 1.2); P(C,H,),, 
7.25 (m, para/meta), 8.0 (m, orrho). Anal. Found: C, 61.06; H, 6.20; N, 2.14; 
C~~H~~~iOP~Si~ calcd.: C, 60.95; H, 6.19; N, 2.22%. IR (KBr, cm-‘): v(COMe) 
1615 (s). The reaction of Ni(CH3)[N(SiMe~CH*PPh~~~] with carbon monoxide was 
also monitored at - 80 *C in a 5 mm NMR tube as follows: 20 mg of la was 
dissolved in 0.4 ml of toluene-d, in an NMR tube attached to a ground-glass joint 
which was in turn attached to Kontes needle valve and cooled to - 80 *C. CO was 
admitted (approx. 700 mmHg) and the tube sealed with a torch. The sealed NMR 
tube was transferred to the precooled probe in the NMR and spectra taken as a 
function of time. 

PJi(COC, H,)[N(SiMe,CH, PPh,), J. A solution of Ni(GH,)[N(SiMe,CH,- 
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PPh,),] (0.06 g, 0.10 mmol) in toluene (10 ml) was stirred under 1 atm CO for one 
hour. During this period, the original gold-coloured solution became clear orange. 
The solvent was removed in vacua and the product recrystallized as orange blocks 
from toluene/hexanes at - 3O’C. Yield: 0.48 g (70%), m.p. 163-165°C. “P{‘H} 
NMR: 15.9 (s). ‘H NMR: Si(CH,),, -0.01,0.45 (s); PCH,Si, 1.54 (dt, *J(H) = 13.7, 
Japp = 6.5), 1.80 (dt, Jam = 5.0); P(CsHs)2, 6.75, 7.12 (m, puru/metu), 7.90, 8.21 
(m, &IO); COC,H,, 7.28 (m). Anal. Found: C, 64.31; H, 5.98; N, 2.16. 
C,,H,,NNiOP,Si,calcd.: 64.16; H, 5.92; N, 2.02%. IR (KBr, cm-‘): v(COPh) 1602 
(s). The 13C-labelled material, Ni(13COGH,)N(SiMe&H2PPh,)2], was prepared in 
an identical fashion using 13C0 (Merck, Sharpe and Dohme: 92% enriched with 
W). 

Ni(CO-p-C, H4 NMe,)[N(SiMe,CH, PPh*)*]. The Grignard reagent p-M%- 
NC,H,MgBr, prepared from p-MQNqH,Br and Mg in refluxing THF, was added 
to NiCl[N(SiMe,CH,PPh,),1 to generate the corresponding arylnickel(I1) deriva- 
tive analogous to that previously described [8]. Anal. Found: C, 64.80; H, 6.68; N, 
3.90. C,,H,N,NiP,Si, calcd.: C, 64.50; H, 6.55; N, 3.96%. This material was 
subjected to 1 atm CO for one hour as described above for the benzoyhrickel(I1) 
derivative to generate orange crystals of Ni(CO-p-C,H,NMe2)[N(SiMqCH,PPh,),l 
in 80% yield. ‘H NMR: Si(CH,),, 0.00, 0.43 (s); PCH,Si, 1.60 (dt, *J = 14.0, 
J& = 7.0), 1.79 (dt, Japp = 6.0); P(C,H,),, 6.88, 7.15 (m, puru/metu), 7.43, 8.21 
(m, ortho); COC,H,-p-NM+ 7.97, 6.10 (d, ‘Jtic = 8.0); N(CH,),, 2.31 (s). Anal. 
Found: C, 63.82; H, 6.44; N, 3.90. C3,H,N2NiOP2Si2 calcd.: C, 63.68; H, 6.30; N, 
3.81%. 

Hydrolysis of Ni(CO), [(C, H5)13C= N(SiMe,CH, PPh,)OSiMe,CH, PPh, J. The 
selectively 13C-labelled complex Ni(13COC,H,)[N(SiMe2CH2PPh2)2] was prepared 
as described above and subjected to unlabelled CO to generate the nickel(O) 
derivative. The hydrolysis was carried out by dissolving the nickel(O) complex (10 
mg, 0.013 mmol) in THF (5 ml) and adding degassed water (2.5 ~1, 0.014 mmol). 
The mixture was stirred at room temperature for three days. After this time, the 
volatiles were removed in vacua and the residue sublimed onto a water-cooled 
probe. Benzamide was obtained as a fine, white powder and analyzed by low-resolu- 
tion mass spectrocopy as being 94 f 2% 13C-labelled. 

Kinetic unu/yses. Kinetic runs were carried out in a 25 ml round-bottomed flask 
attached directly to a 10 mm quartz UV cell; the entire apparatus has an approxi- 
mately 50 ml total volume and was attached to a vacuum line by means of a 
ground-glass joint equipped with a needle valve inlet. For each run, 10 ml of a 
3 X 10m4 M solution of the appropriate nickel(I1) complex (see Results and discus- 
sion) was loaded in the flask assembly, freeze-pumped-thawed several times, and 
placed under a measured CO pressure at 22.0 Q C. The reaction mixture was stirred 
between spectral readings: 400 nm for lb; 400 ran for 3c; 375 nm for 4; 410 nm for 
3d. Plots of ln(A, -A) vs. time were linear for at least two half-lives. All of these 
systems obey Beer’s Law at the observed wavelengths over the concentration range 
studied. Plots of kobservd vs. CO pressure indicated a first order dependence upon 
CO. Second-order rate constants were calculated using the literature value for the 
solubility of CO in toluene [ll] after correcting for the vapor pressure of toluene at 
22OC (p(C,H,) 2.6 cmHg). 

X-Ray crystallographic unabsis of Ni(COC, H,)[N(SiMe,CH, PPh,),]. Crystal- 
lographic data appear in Table 1. Unit cell parameters were determined by least- 
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Table 1 

Crystallographic data ’ 

Compound Ni(COCeH,HN(SiMe,CHzPPhz)~] (3c) 
Formula C37H41NNiOP2SiZ 

fi. 692.51 
Crystal system triclinic 

Spa= group pi b 
a (4 10.8891(6) 
b 11.3380(7) 
C 16.1785(10) 

o (deg) 104.359(4) 

B 105.704(4) 

Y 100.062(4) 

v (K) 1799.1(2) 
z 2 

Q (g/cm3) 1.279 

WOO) 728 

Zr(Cu-K) (cm-‘) 24.9 
Crystal dimensions (mm) 0.09 x 0.13 x0.18 
Transmission factors 0.384-0.703 
Scan type w-20 
Scan range (deg in o) 0.75 +0.15 tan 8 

Scan speed (deg/mW 1.34-10.06 
Data collected ih, -k, *I 
26,, (deg) 150 
Unique reflections 7419 
Reflections with Z 2 30(Z) 5269 
Number of variables 561 
R 0.040 

RW 0.047 
s 1.853 
Mean A/u (final cycle) 0.02 
Max A /a (final cycle) 0.24 [z for H(2a)] 

Residual density (e/K) -0.85 to i-O.26 

u Temperature 22”C, Enraf-Nonius CAD4-F diffractometer, Cu-K, radiation (AK_, 1.540562, hK,* 
1.544390 A), graphite monochromator, takeoff angle 2.7 O, aperture (2.00 + tan 0) x 4.0 mm at a distance 
of 173 mm from the crystal, scan range extended by 25% on both sides for background measurement, 
a2(Z) = S + 28 + [0.035( S - B)12 (S = scan count, B = normalized background count), function mini- 
mized Ew( 1 F0 1 - ) F, 1)2 where w = l/a2(F), R=ElIF,I- IKIl/~IFoI, Rw= 
~~(~F~~-~F~~)~~w~F~~~)~~~,S=~w(~F~~-~F~~)~/(rn-n))‘~~.ValuesgivenforR, R,,andS 
are based on those reflections with Z t 30(Z). ’ Reduced cell. 

squares on 2 sin e/A values for 25 reflections with 28 80-100 “. The intensities of 
three standard reflections, measured every hour of X-ray exposure time during the 
data collection, showed only small random variations. The data were processed and 
corrected for absorption using the analytical method [12 *-141; the range of the 
transmission factors appears in Table 1. 

The centrosymmetric space group Pi was suggested by both the E-statistics and 
by the Patterson function, from which the coordinates of the Ni, P, and Si atoms 

* Reference number with asterisk indicates a note in the list of references. 
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Table 2 

Final positional (fractionalX105; 0, N, and CX104, HX103) and isotropic thermal parameters 

(U x lo3 A*) with estimated standard deviations in parentheses 

Atom x Y z fJ../s, 

Ni 

W) 
P(2) 
Si(1) 
Si(2) 
0 
N 

c(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
c(7) 
c(8) 
c(9) 
c(l0) 
CW) 
c(l2) 
c(l3) 
c(l4) 
c(l5) 
C(l6) 
C(l7) 
C(18) 
C(l9) 
C(20) 
c(21) 
c(22) 
c(23) 
c(24) 
c(25) 
c(26) 
c(27) 
C(28) 
~(29) 
C(30) 
C(31) 
C(32) 
c(33) 
CJ34) 
C(35) 
c(36) 
c(37) 
JWa) 
H(lb) 
H(2a) 
H(2b) 
H(3a) 
H(3b) 
H(3c) 
H(4a) 
H(4b) 

45448(4) 
47748(6) 
44365(6) 
68317(7) 
66137(7) 

3024(2) 
6034(2) 
5651(3) 
5220(3) 
8427(3) 
7185(6) 
8091(4) 
7006(6) 
3024(2) 
3309(2) 
2942(3) 
1756(4) 
953(4) 

1294(3) 
2468(3) 
5807(2) 
5634(3) 
637q4) 
7305(4) 
7487(4) 
6759(3) 
2852(2) 
2405(3) 
1167(3) 

366(3) 
776(3) 

2013(3) 
5410(2) 
5668(3) 
6380(3) 
6842(4) 
6612(4) 
5887(3) 
1711(2) 
1642(3) 

442~3) 
- 705(3) 
- 642(3) 

557(3) 
607(3) 
502(3) 
538(3) 

459(3) 
909(4) 
838(4) 
888(4) 
786(5) 
733(5) 

23040(4) 
8643(6) 

35614(6) 
31641(7) 
49842(7) 

366(2) 
3591(2) 

1704(3) 
5142(3) 
2807(5) 
4320(4) 
5077(5) 
6418(4) 
1169(2) 

- 289(2) 
- 1521(3) 
- 2339(3) 
- 1917(4) 

- 699(4) 
125(3) 

- llo(2) 
- 520(3) 

- 1276(4) 
- 1628(4) 
- 1227(4) 

- 468(3) 
3570(2) 
2889(3) 
2823(4) 
3451(4) 
4091(4) 
4165(3) 
3256(3) 
2081(3) 
1787(4) 

2660(5) 
3823(5) 
4127(4) 
1288(2) 
2159(3) 
2268(3) 
1512(4) 

642~4) 
527(3) 
116(3) 
201(3) 
569(4) 
532(3) 

36q4) 
215(5) 

246(4) 
490(5) 
38q5) 

27179(2) 38 
33956(4) 41 
18781(4) 40 
46139(5) 50 

35613(5) 52 
1160(l) 56 

3720(l) 45 

4580(2) 48 

2640(2) 51 

4579(3) 81 
5759(2) 85 

3190(3) 82 

4565(3) 91 
1823(2) 41 

3316(2) 46 
2769(2) 63 

2668(3) 79 
3124(3) 83 
3669(3) 80 
3767(2) 62 

3016(2) 48 
2101(2) 65 
1781(3) 84 
2356(3) 82 
3263(3) 82 
3599(2) 66 
1122(2) 44 
216(2) 60 

- 331(2) 75 

15(3) 74 

905(3) 82 
1462(2) 65 

1130(2) 46 

9W2) 61 
333(2) 74 

- 23(3) 84 
179(3) 91 
761(2) 69 

1931(2) 42 
2675(2) 55 
2762(2) 69 
2101(3) 82 

13W3) 95 
1279(2) 66 
491(2) 59(8) 
479(2) 54(8) 
232(2) 98(12) 

290(2) 73(10) 

46U3) lll(14) 

407(3) 133(20) 
505(3) llO(14) 
587(3) 128(21) 
627(4) 181(21) 
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Table 2 (contim@ 

Atom x 

H(k) 643(5) 

W5a) 806(4) 

W5b) 823(4) 

W5c) 880(4) 

W6a) 78rY4) 

W6b) 707(4) 

W6c) 643(5) 

H(9) 348(3) 

WO) 154(3) 

WI) 23(4) 

Wl2) 71(4) 

W13) 277(3) 

W5) 490(3) 

Wl6) 615(4) 

W7) 781(3) 

Wl8) 804(4) 
Wl9) 683(3) 

W21) 295(3) 

W22) 89(3) 

~(23) - 60(3) 
~(24) 28(4) 

~(25) 231(3) 

~(27) 537(3) 

W28) 657(5) 

~(29) 736(4) 

W30) 690(5) 
W31) 566(3) 

W33) 251(3) 

W34) 42(3) 

W35) - 156(3) 

W36) - 151(4) 

W37) 70(4) 

Y 

466(5) 
433(4) 

579(5) 
512(4) 

666(4) 
715(4) 

632(5) 

- 177(3) 
- 329(4) 

- 235(4) 

-40(4) 
102(3) 

- 37(3) 
- 156(4) 

- 218(3) 
- 135(4) 

- 23(3) 
248(3) 
235(3) 

339(3) 

444(4) 
462(3) 
145(3) 

88(5) 
245(4) 

454(5) 
485(4) 

266(3) 
296(3) 
173(3) 

15(4) 
- 8(4) 

z 

579(3) 
272(3) 

289(3) 

361(3) 
498(3) 

442(3) 

490(3) 

250(2) 

224(2) 
305(2) 
399(3) 

414(2) 
171(2) 
115(3) 

ZlO(2) 

372(3) 
421(2) 

- 2(2) 
- 96(2) 

- 38(2) 
121(3) 

205(2) 

114(2) 

14(3) 
- 41(3) 

- 2(3) 
91(2) 

316(2) 

325(2) 

214(2) 

84(3) 

79(3) 

%#-Jti 

130(19) 

lll(17) 

139(17) 

121(17) 

10403) 
108(14) 

135(21) 

52(9) 
95(11) 

92(12) 

115(15) 
78(10) 

72(9) 
127(17) 

76(10) 
98(12) 

61(8) 
8401) 
82(H) 
82(10) 

lOl(13) 
87(12) 

82(11) 

142(17) 
96(12) 

136(18) 
82(12) 

69(9) 
82(10) 
86(11) 

121(14) 

102(13) 

were determined. The coordinates of all remaining atoms, including hydrogen, were 
determined from subsequent difference maps. In the final stages of full-matrix 
least-squares refinement, the non-hydrogen atoms were refined with anisotropic 
thermal parameters and the hydrogen atoms with isotropic parameters. Neutral 
atom scattering factors for all atoms and anomalous scattering corrections for Ni, P, 
and Si were taken from ref. 15. 

Final positional and isotropic [or equivalent isotropic, Ues = l/3 trace (diagonal- 
ized U)] thermal parameters are given in Table 2. Bond lengths and bond angles 
appear in Tables 3 and 4 respectively. Anisotropic thermal parameters, bond lengths 
and angles involving hydrogen atoms, torsion angles, and measured and calculated 
structure factor amplitudes (Tables Sl-S5) are available from the authors as 
supplementary material. 

Notes on the structure. The shortest intermolecular contact is H(23) - . . H(29) 
(x - 1, y, z) 2.28(5) A. There is an intermolecular hydrogen bond: C(28)-H(28) 
. . . 0 (1 - x, -y, -z), H . . . 0 2.42(5), C . . . 0 3.271(4) A, C-H . . . 0 135(3)“. 

There are two intramolecular hydrogen bonds: C(15)-H(15) . . -0, H . . a0 2.38(3), 
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Table 3 

Bond lengths (A) with estimated standard deviations in parentheses 

Bond Length (A) Bond Length (A) 

Ni-P(1) 

Ni-P(2) 
Ni-N 
Ni-C(7) 

P(l)-C(l) 
P(l)-c(8) 

P(l)-W4) 
P(2)-c(2) 
P(2)-C(20) 

P(2)-c(26) 
Si(l)-N 

Si(l)-c(l) 

Si(l)-C(3) 

Si(l)-C(4) 

Si(2)-N 

Si(2)-c(2) 

Si(2)-C(5) 
Si(2)-c(6) 

O-c(7) 
C(7)-C(32) 

c(8)-c(9) 

c(8)-W3) 
c(9)-WO) 

c(lO)-Cw) 

Cm)-C02) 

2.193q7) 

2.1%6(7) 
1.991(2) 

1.878(2) 
1.810(3) 

1.831(2) 

1.825(3) 

1.806(3) 
1.828(2) 

1.82q2) 

1.700(2) 
1.889(3) 

1.863(4) 

1.879(4) 

1.7Oq2) 
1.887(3) 

1.859(4) 

1.880(4) 

1.223(3) 
1.511(3) 

1.377(4) 

1.390(4) 
1.395(4) 

1.363(6) 

1.364(6) 

c(12)-C(13) 
C(14)-C(15) 

W4)-W9) 
C(15)-C(16) 

c(l6)-c(l7) 
C(17)-C(18) 

c(l8)-W9) 

c(20)-c(21) 
c(20)-c(25) 
C(21)-c(22) 

C(22)-C(23) 

c(23)-c(24) 
C(24)-C(25) 
C(26)-C(27) 

C(26)-C(31) 

C(27)-C(28) 

c(28)-c(29) 
C(29)-C(30) 

c(30)-c(31) 
C(32)-C(33) 

C(32)-C(37) 

c(33)-CJ34) 
c(34)-c(35) 

c(35)-c(36) 

(X36)-c(37) 

1.390(4) 
1.385(4) 

1.392(4) 
1.375(4) 

1.369(5) 

1.370(5) 

1.381(5) 

1.380(4) 
1.378(4) 

1.375(4) 
1.366(5) 
1.349(5) 

1.378(4) 
1.389(4) 

1.372(4) 
1.386(4) 

1.353(6) 

1.361(6) 

1.402(5) 
1.38q4) 

1.375(3) 

1.374(4) 
1.373(4) 

1.373(5) 

1.374(4) 

C*- . 0, 3.289(4@, C-H - - - 0 162(3)“; C(37)-H(37) - - ~0, H - - . 0 2.37(4), C- 
. . . 0, 2.779(4) A, C-H... 0 104(3) O. The mean plane defined by the atoms 

directly bonded to the nickel centre is slightly distorted from square-planar to 
tetrahedral with the following deviations: P(l), 0.134(l); P(2), 0.135(l); N, 
-0.127(2); C(7), -0.143(3); Ni, -0.0373(4) A. 

Results and discussion 

Synthetic studies. When the reaction of the methylmckel(I1) derivative la with 
carbon monoxide (> 3 equiv.) is monitored by ‘H NMR spectroscopy at - 80 o C, 
the species formed almost immediately upon exposure to CO is the acetylnickel(I1) 
complex Ni(COCH,)[N(SiMe$H,PPh2)2 ] (3a). Most noteworthy is the fact that, 
at - 80 o C, the silylmethyl protons (Si(CH,),) of 3a appear as two broad singlets of 
equal intensity, a result of restricted rotation about the nickel-carbon bond of the 
acetyl ligand (vide infra). Over a period of approximately two hours at - 80°C 
these signals gradually disappear and are replaced by one sharp silylmethyl reso- 
nance indicative of the dicarbonylmckel(0) product 2a; no other species are detecta- 
ble during this transformation. The acetyl complex 3a can be isolated as orange 
crystals via reaction of the methyl derivative la with slightly greater than one 
equivalent of CO at room temperature (eq. 2); the spectral parameters for the 
isolated complex are identical to those of the species initially observed at low 



Table 4 

Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (de& Bonds 

170.56(3) P(l)-c(8)-C(l3) P(l)-NGP(2) 
P(l)-Ni-N 
P(l)-Ni-C(7) 
P(2)-Ni-N 

P(2)-Ni-C(7) 
N-Ni-C(7) 

Ni-P(l)-C(1) 
Ni-P(l)-C(8) 

Ni-P(l)-C(14) 

c(l)-P(l)-c(8) 
C(l)-P(l)-C(14) 

C(8)-P(l)-C(14) 
Ni-P(2)-C(2) 
Ni-P(2)-C(20) 

Ni-P(2)-C(26) 
C(2)-P(2)-C(20) 

C(2)-P(2)-C(26) 

C(20)-P(2)-c(26) 
N-Si(l)-C(1) 
N-Si(l)-C(3) 

N-Si(l)-C(4) 
c(l)-Si(l)-C(3) 

C(l)-Si(l)-C(4) 

C(3)-Si(l)-C(4) 
N-Si(2)-C(2) 
N-Si(2)-C(5) 

N-Si(2)-C(6) 

c(2)-Si(2)-c(5) 
C(2)-Si(2)-C(6) 

C(5)-Si(2)-c(6) 
Ni-N-Si(1) 

Ni-N-Si(2) 

Si(l)-N-Si(2) 
P(l)-C(l)-Si(1) 

P(2)-C(2)-Si(2) 

Ni-C(7)-0 
Ni-C(7)-C(32) 

0-C(7)-C(32) 

PWc(8)-c(9) 

91.766j C&C&-Ci13) 

89.49(7) C(8)-c(9)-c(l0) 
91.61(6) C(9)-C(lO)-C(11) 

88x(7) C(lO)-C(ll)-C(12) 
174.17(10) c(H)-C(12)-C(13) 

106.38(9) c(8)-c(l3)-c(12) 
119.58(S) P(l)-c(14)-C(15) 
112.61(S) P(l)-C(14)-C(19) 
107.90(12) C(15)-C(14)-C(19) 

106.07(13) C(14)-C(15)-C(16) 
103.55(12) CQ5)-C.(16)-C(17) 

106.51(10) C(16)-C(17)-C(18) 

121.04(S) C(17)-C(lS)-C(19) 
110.72(9) C(14)-C(19)-C(18) 
108.08(12) P(2)-c(20)-c(21) 
106.19(14) P(2)-C(20)-C(25) 
103.43(11) C(21)-C(20)-C(25) 
105.34(11) C(20)-C(21)-C(22) 
114.3(2) c(21)-C(22)-c(23) 
115.5(2) C(22)-C(23)-c(24) 

109.Y2) C(23)-C(24)-C(25) 
105.2(2) C(20)-C(25)-C(24) 
106.6(2) P(2)-C(26)-C(27) 
105.39(11) P(2)-C(26)-C(31) 
115.0(2) C(27)-C(26)-C(31) 
114X(2) C(26)-C(27)-C(28) 
107.9(2) C(27)-C(28)-C(29) 
106.2(2) C(28)-C(29)-C(30) 
107.0(3) C(29)-c(30)-C(31) 
118.57(11) C(26)-C(31)-C(30) 
118.06(11) C(7)-C(32)-c(33) 
122.54(12) c(7)-c(32)-c(37) 
105.92(13) C(33)-C(32)-C(37) 
105.37(14) c(32)-C(33)-c(34) 
124.8(2) C(33)-C(34)-c(35) 
116.8(2) C(34)-C(35)-C(36) 
118.4(2) C(35)-C(36)-c(37) 
122.9(2) C(32)-C(37)-C(36) 
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Angle (de& 

118.4(2) 

118&j 
121.0(3) 
119.6(4) 

120.5(3) 

120.2(4) 
120.2(3) 

118.6(2) 

123.3(2) 

118.1(3) 
120.7(3) 

121.1(4) 
118.8(3) 

121.1(3) 
120.2(3) 

121.5(2) 

120.4(2) 
117.9(3) 

120.9(3) 
120.2(3) 

119.5(3) 

121.0(3) 
120.5(3) 
118.5(2) 

123.1(2) 

118.4(3) 

121.0(3) 
119.7(4) 

120.8(3) 
120.0(4) 

120.1(4) 

121.3(2) 

119.8(2) 
118.9(2) 

120.8(3) 

119.9(3) 

119.6(3) 

120.6(3) 
120.3(3) 

temperature under excess CO. Although stable in the solid-state, 3a is unstable in 
solution decomposing to a mixture of the starting methyl complex la and the 
nickel(O) product 2a. 

C!_C, co 
Me,Si , 1 .l equiv 

Ef’ //” (2) 
Me,Si , 

3- -c 

Gh 

toluene \ 
MesSi 25% MelSi 

2 
cg CH3 

2 

la 3a 
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The reaction of CO with the phenylmckel(I1) derivative lc is considerably slower 
than for the analogous methyl complex la; whereas production of the methylim- 
idate species 2a from la is over in a few minutes (1 atm CO, 25 o C), under identical 
conditions the phenyl complex lc requires approximately two days to be converted 
to the corresponding phenylimidate derivative 2e. The sluggish nature of the latter 
reaction has allowed for the interception of the benzoylnickel(I1) complex, 
Ni(COC,H,)[N(SiMe,CH,PPh,),] (3e). Thus reaction of CO with lc for 1 h at 
room temperature (eq. 3) followed by recrystallization from toluene/hexanes at 
- 30 o C produces pure 3c as orange crystals of sufficient quality for single crystal 
X-ray analysis. 

P”z 

X=H lc 

X=NMe, ld 

GO 
1 atm 

1 
25% 

N-Ni- 

X=H 

X = NMe, 

//” 
C 

h 
(3) 

I’ 

X 

3c 

3d 

The results of the X-ray analysis for the benzoyl complex 3c are shown in Fig. 1. 
In the solid state, the oxygen of the acyl carbonyl is oriented above and the benzoyl 
phenyl ring below the mean square-plane of the complex, thereby generating 
inequivalent environments for the tridentate ligand atom substituents. Interestingly, 
there is only a slight puckering in the ligand backbone of 3c resulting in a 
C-envelope conformation for each chelate ring; this contrasts that observed [8] for 
NiCl[N(SiMqCH,PPh,),] wherein the planar Si,N unit is tilted by about 40 o with 
respect to the square-plane of the coordination complex. The origin of the confor- 
mational difference in the ligand backbone can be traced to a longer Ni-N bond in 
3c (1.991 A, Table 2) as compared to the chloro derivative (1.929 A), which allows 
the two five-membered chelate rings of the former to expand and flatten; the Ni-P 
bond lengths for both complexes are not significantly different (i.e.: 2.1934 and 
2.1966 A for 3e, and 2.212 and 2.201 A for NiCl[N(SiMe,CH,PPh,)J). The 
difference in the respective Ni-N bond lengths is a consequence of the fact that the 
acyl ligand has a greater truns influence [16] than a chloride ligand which results in 
destabilization and concomitant lengthening of the nickel-amide bond of 3e. 
Although several benzoylnickel(I1) complexes have been reported [17], no single 
crystal X-ray analysis has appeared in the literature to our knowledge. Other bond 
lengths (Table 2) bond and torsion angles (Tables 3 and 4) are not unusual. 

That this structure persists in solution is supported by the ‘H NMR spectrum 
which has two sharp silylmethyl singlets and an AB quartet of virtual triplets for the 
methylene (PCH,Si) protons. The silylmethyl singlets do broaden and coalesce 
above 100” C, but the spectra are complicated by the fact that at these higher 
temperatures, deinsertion of CO to regenerate the starting phenyhrickel(I1) deriva- 
tive lc also occurs. Ror the acetylmckel(I1) complex 3a, rotation about the Ni-C 
bond is more facile as evidenced by the fact that at room temperature, only one 
broad singlet for the silyhnethyl protons is observed in the ‘H NMR spectrum. As 
has been previously mentioned, at lower temperatures, this rotation of the acetyl 
moiety can be frozen out. 
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Fig. 1. Single crystal X-ray structure of Ni(COC,H,)[N(SiMe2CH2PPh,)2) (3c) showing the atom 

numbering scheme. 

Either of two possibilities may account for the observed restricted rotation of the 
benzoyl group of 3c in solution. It is conceivable that the Ni-C bond possesses 
significant n-character owing to a contribution from canonical form B, a carbene 
resonance contribution. However, the crystallographic data do not support this 

-0 

/ 
L,zkC 

b \/ 

A 0 

premise since the Ni-C bond length of I878 A of 3c is only slightly longer than 
that expected [18] for a square-planar NGC (sp’) bond (sum of the covalent radii 
1.867 A); by comparison, a NGC bond length of 1.84 A has been reported for the 
complexes rrans-Ni(COR)Cl(PMe& .(R = CH, [19]; R = CH,SiMe, [20]). In ad- 
dition, the C-O bond length (1.223 A) of the acyl carbonyl is typical of a double 
bond [21]. This lack of nickel-carbon double bond character is also supported by 
XPS studies [22] on a series of related nickel(H) complexes. The other possibility is 
that this restricted rotation is due entirely to steric interactions between the benzoyl 
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phenyl ring and the substituents on the phosphorus donors of the tridentate ligand. 
In fact, molecular models suggest that regardless of the size of the substituents on 
phosphorus, the benzoyl fragment is sterically encumbered and forced to adopt the 
observed conformation. To test this, we synthesized another benzoyhrickel(I1) 
complex having the smaller methyl substituents on the phosphorus donors; this is 
shown in eq. 4. The ‘H NMR spectrum of 4 shows inequivalent silyhnethyl 

Me,Si ,py 1) PhMgBr 

N-Ni-Cl - 

pi’ &O Me@, 

N--i-C (4) 

Me$i 

(J 

2) CO, 1 atm ‘Ph 

1 hour 

Me2 

4 

environments at room temperature indicative of restricted rotation on the NMR 
time scale. It follows therefore that reducing the sire of the substituent on the acyl 
group should decrease the steric interaction with the phosphorus substituents and 
thereby allow free rotation; indeed, as already mentioned, the acetylnickel(I1) 
complex 3a displays facile rotation about the Ni-C bond at room temperature. 

The formation of the benzoyl derivatives as described above can be extended to 
the para-dimethylaminophenyl complex Ni(C,H,-p-NMe,)[N(SiMqCH,PPh,),l 
(ld); thus the aroylnickel derivative Ni(COC,H,-p-NMe,)[N(SiMe2CH,PPh,),l 
(3d) is obtained by stirring ld under 1 atm of CO for 1 h (eq. 3). 

Attempts to prepare the acryloylmckel(I1) complex Ni(COCH=CH,)[N(SiMq- 
CH2PPh,),] from the vinytickel(I1) derivative lb by either of the routes used 
above to generate the acyl species 3a and 3c/3d were unsuccessful. Interestingly 
however, the reaction of lb with one equivalent of CO at room temperature yields 
an equimolar mixture of the starting material lb and the q*-acrylimidic ester 
Ni(CO)[(q*-CH,=CH)C=N(SiMe,CH,PPh,)OSiMqCH,PPh,] (5) (eq. 5). This 

N-Ni-CH=CHP 
(5) 

lb 5 

latter complex 5 has been prepared previously by the slow removal of CO under 
vacuum from the dicarbonyl derivative Ni(CO),[CH,=CH)C=N(SiMe,CH,PPh,)O- 
SiMe,CH,PPh,] (2b), and has been characterized crystallographically [2]. 

Both the acetylmckel(I1) derivative 3a and the aroylnickel(I1) complexes 3c and 
3d are converted to the respective nickel(O) products 2a, 2c and M by further 
reaction with CO. To establish that these acyl species are bona fide intermediates, 
the following labelling study was performed. ‘3C-enriched (92%) benzoytickel(I1) 
was isolated from the reaction of 13C0 with the phenytickel(I1) complex lc and 
then further subjected to unlabelled CO to generate the nickel(O) complex 2c. To 
measure the extent of incorporation of the label in 2c from 3c, the product was 
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Scheme 1 

hydrolyzed and the liberated benxami de analyzed by mass spectroscopy as outlined 
in Scheme 1. The isolated benzami ‘de was 94 f 2% ‘3Genriched which corresponds 
to no measurable loss of label during the transformation. A similar experiment was 
not att~pt~ for the acetyl3a since it is unstable to CO loss. In any case, at least 
for the benzoyl derivatives, initial Keaton insertion into the ~ckel-DDE bond 
[7] is excluded. 

Added carbon monoxide is the only ligand that induces reductive elimination of 
these acyl complexes. Addition of phosp~~ (e.g. PMe,, P(OMe), or Me,- 
PCH~CH*PM~~, acetonitrile, diphenyla~tylene or olefins (e.g. ethylene, 1,5- 
cyclooctadiene) to the benzoyl complex results in recovery of starting material in all 
cases, 

Kinetic ~tu~~e~. At some point in the overall tr~sfo~ation of these 
acy~ckel(II) derivatives into the di~bony~~kel(O) complexes, a reductive 
elation of the acyl and the amido ligands is required to generate the C-N bond 
in the ~~ly~date backbone of the rearranged ligand. To gain some insight into 
this process, a cursory kinetic study was performed, 

The reaction of CO with the benzoyl complex 3c was monitored as a function of 
time by UV-VIS spectroscopy; this turned out to be the method of choice over ‘H 
or 31P{1H) NMR spectral analysis since the nickel(H) derivatives have a well-de- 
fined abso~tion in the 375-410 nm region (E 7~-8~ 1 mol-’ cm-“) whereas the 
nickel(O) products do not. Under 1 atm of CO (2 100 equiv.), the reaction is first 
order in 3c with a pseudo-first-order rate constant of 2.67 x 10e5 s-l at 22.0°C. 
V~ation of the CO pressure (0.5 to 1 atm) indicated a first-order dependence on 
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Table 5 

Kinetic data for the carbonylation of Ni(Rm(SiMe,CH,PR’&] a 

Entry Complex 10s k,, s-t lo3 k, 

( P(CO) cm%) I mol-’ s-l 

1 Ni(COC,H,XN(SiMe,CH,PPh,),l (3c) 2.56 (73.2) 3.53 

2 1.73 (54.5) 

3 1.30 (34.9) 

4 2.71 (73.4) b 

5 Ni(CO-p-C,H,NMe,XN(SiMe,CH,PPh,)zl (&I) 5.67 (68.9) 8.58 

6 4.33 (49.5) 

7 2.90 (32.9) 

8 Ni(COC,H,)[N(SiMe,CH,PMe,),l(4) 1.88 (73.9) 2.67 

9 1.30 (54.7) 

10 Ni(CH=CH,)[N(SiMe,CH,PPh,),] (lb) 60.5 (68.9) 91.4 

11 44.1 (50.9) 

12 28.9 (32.7) 

u All reactions performed in toluene at 22.0 o C. The solubility of CO in toluene is 0.0073 M at 22.0 o C at 

p(C0) 76.0 cmHg. The indicated CO partial pressures have been corrected for the partial pressure of 
toluene (p(C,H,) 2.6 cmHg at 22°C). b This run performed in the presence of 10 equiv. PMe,. 

CO; the second-order rate constant is calculated to be 3.53 x lop3 1 mol-’ s-i. This 
rate is not affected by added PMe, (10’ equiv., entry 4 in Table 5). Similar analyses 
were performed with the para-dimethylaminobenzoyl complex 3d and the derivative 
4 having methyl substituents at phosphorus; the results are shown in Table 5. 

Although the acyl complex derived from the nickel vinyl starting material lb was 
not accessible (see eq. 5), we discovered that lb gave pseudo-first-order kinetics with 
a first-order dependence on CO partial pressure analogous to the behaviour of the 
isolated acyl derivatives; the second-order rate constant was found to be 91.4 x 10e3 
1 mol-’ s-l (Table 5). Attempts to extend this to the methylnickel derivative la 
were unsuccessful since no clean pseudo order-rate law was apparent. 

The simple rate equation of the type - d[Ni”]/dt = k,[Ni”][CO] indicated from 
this study, is not particularly revealing. A mechanism which is reasonable for this 
process is shown in Scheme 2. It is assumed that the initial CO insertion step (k,) to 
generate the acyl is sufficiently fast and irreversible (at least for the arylmckel(I1) 
derivatives) that the observed rate law corresponds to the subsequent transforma- 
tion of the nickel acyl 3. Three possibilities exist for the rate determining step: (i) 
CO binding to the acyl 3 to generate the five-coordinate species 6, (ii) rearrange- 
ment of the square-pyramidal isomer 6 to the corresponding isomer with the acyl 
and the amido ligand cis disposed as in 6’, or (iii) reductive elimination of the acyl 
and amide ligands from the five-coordinate intermediate. As no build-up of any 
intermediates is observed by low temperature ‘H or “P{‘H} NMR spectroscopy, it 
is not possible to distinguish among the above paths. 

The kinetic data clearly indicate that a five-coordinate nickel(I1) species is 
involved as an intermediate; this is in agreement with other work on C-C [3,23] and 
C-O [24] bond reductive elimination sequences at nickel(I1). However, there are 
some important aspects that should be pointed out: (i) in the study [24] of 
carbon-oxygen bond formation, reductive elimination from the five-coordinate 
nickel(I1) intermediate was shown to be rate dete rmining, and (ii) formation of both 
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carbon-oxygen and carbon-carbon bonds via reductive elimination requires the 
two reactive groups, especially the two hydrocarbyl ligands [3], to be cis disposed on 
the precursor nickel(I1) centre for the associative mechanism to be operative. In our 
system, this last point is clearly not possible since the acyl and the amido ligands 
must be truns, yet the associative reductive elimination mechanism is observed. It is 
likely that the geometrical restrictions on C-C bond formation are lifted for C-N 
bond formation owing to the presence of the lone pair on the amido nitrogen. The 
differences in the calculated second-order rate constants for the aroylnickel com- 
plexes 3e, %I, and 4 are not very significant and this precludes any discussion of 
substituent effects. The order of magnitude larger second-order rate constant for the 
vinyl derivative lb is notable. The fact that lb has the smallest hydrocarbon ligand 
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at nickel (vs. the more sterically demanding aroyl moiety) may be an important 
factor, however, in the absence of more extensive examples this is speculation. 

Conclusions 

The stoichiometric reductive carbonylation of amidohydrocarbylnickel(I1) deriva- 
tives proceeds via the intermediacy of the corresponding acyl intermediates. No 
insertion of carbon monoxide into the nickel(II)-amide bond is observed. Kinetic 
studies are consistent with an associative pathway for the reductive elimination of 
the acyl and the amide groups. 
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