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"C. The reaction mixture turned immediately from orange to dark 
brown. After the mixture was warmed to room temperature for 
2 h, it became progressively yellow. Solvents were eliminated in 
vacuo, and the crude residue was recrystallized in Pentane. The 
digemadioxetane 17 was the f i t  to crystallize (0.56 g, 52% White 
crystals, mp 125-126 "C). 'H NMR (C&): 6 1.47 (a, 12 H,pMe), 
1.98 (8,  24 H, o-Me), 6.53 (s,8 H, arom Mes). Mass spectrum (EI, 
70 eV, "Ge; m/e (relative intensity)): 654 (M, 20), 535 (M - Mes, 
30), 329 (Mes,Ge=O + H, 100). Yellow crystals of imine g8 were 

also obtained, after 17. 
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The reaction of 2-phenylpyridine (ppyH) or 8-methylquinoline (mqH) with [trans-Ir(CO)(CH,CN)- 
(PPh3)2]PF (1) at  25 "C gives the four-coordinate complex [Ir(CO)(HL)(PPh3)2]PFs (2, HL = ppyH; 3, 
HL = mqHf , wherein the ligand is N-coordinated. Cyclometalated hydrido complexes [Ir(H)(L)(CO)- 
(PPh3),]PF8 (4, L = ppy; 5, L = mq) can be obtained in low yield by the same reaction at higher temperature. 
All complexes have been characterized by 'H, ,'P, and 13C NMR spectroscopies. The molecular structure 
of 3 has been determined by X-ray anal is. The complex is monoclinic, space group C2/c, with a = 36.973 
(7) A, b = 10.782 (3) A, c = 27.145 (5) Tp = 119.682 (13)", and 2 = 8. The iridium atom has a distorted 
square-planar coordination, with trans P atoms, one CO ligand, and the Vl-bonded mqH. The latter ligand 
is nearly planar and orthogonal to the coordination plane, with the methyl group in a pseudoaxial position 
(Ir-C(11) = 3.147 (13 A). 

Introduction 
Intramolecular C-H activation by transition metals has 

been widely yet there is still considerable 
interest in the study of cyclometalated species,'+13 par- 
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ticularly with regard to their electrochemical and photo- 
physical p r o p e r t i e ~ . ~ J ~ J ~  

Many investigations involve platinum group metals 
(group 8-10) and aromatic N-donor ligands.14 In all cases, 
initial N-coordination is believed to  precede the cyclo- 
metalation (eq 1). 

We have recently reported15 that 7,8-benzoquinoline 
(bqH) reacts with [~~U~~-I~(CO)(CH,CN)(PP~,),]PF~'~ (1) 

~~ 
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Table I. 'H NMR Assignmentsa for ppyH, mqH, and Their Complexes 2-S 
WH), ppm 

compd H(2) H(3) H(4) H(5) H(6) H(7) H(8) H(9) H(10) 
ppyH 8.70 (d) 7.12 (m) 7.60 (t) 7.65 (d) b 
2 7.78 (d) 6.63 (m) na 7.12 (d) C 
4 8.87 (d) na 7.52 (t) na 7.08 (d) 6.61 (t) 6.98 (m) na 
mqH 8.93 (d) 7.31 (dd) 8.04 (d) 7.60 (d) 7.38 (dd) 7.52 (m) 2.83 (br s ) ~  
3 8.94 (d) 6.78 (dd) 7.86 (d) na na na 3.47 (br 
5 8.53 (d) e 7.94 (d) e e f 3.05 (t)' 

a In CDCl8 (free ligands) or CDzClz (complexes). Abbreviations: d, doublet; dd, doublet of doublets; t, triplet; m, multiplet; 8,  singlet; na, 
not assigned. bThe phenyl ring (AMM'XX' spin system) shows resonances at  8.05 and 7.51-7.41 ppm. eResonances centered at  7.64,7.58, 
and 7.30 ppm. dCH, group. eH(3), H(5) (or H(7)), and H(6) protons give unresolved signals a t  7.18-7.09 ppm. /A broad doublet a t  6.97 
ppm can be assigned to either H(7) or H(5) . 8Metalated benzylic CHz; WPH) = 11.4 Hz. 

Table 11. '"c NMR Chemical Shifts' for DDYH, maH. and Their Complexes 2-5* 
compd W),  ppm 

ppyHc 157.4d 150.0 139.7d 136.9 129.2 129.0 127.1 122.4 120.5 
2 160.0 (w) 151.4 (e) 139.0 (8 )  137.6 (w) 131.7 ( 8 )  128.7 (e) 128.1 ( 8 )  127.9 (8 )  124.3 ( 8 )  
4 165.0 (w) 153.5 ( 8 )  152.6 ( w ) ~  147.4 (w) 143.2 ( 8 )  138.8 ( 8 )  131.1 ( 8 )  126.6 ( 8 )  124.8 (e) 124.0 (a) (121.0 ( 5 ) )  
mqHf 148.3 146.6d 136.4d 135.3 128.8 127.5d 125.5 125.1 120.0 17.6 (Me) 
3 152.9 (s) 145.6 (2) 140.8 ( 8 )  135.3 ( 8 )  131.9 (w) 131.7 (w) 128.9 (e) 127.9 (s) 120.8 (s) 23.3 (Me) 
5 153.1 ( 8 )  151.1 (w) 149.7 (w) 138.6 ( 8 )  133.7 ( 8 )  128.7 (8 )  128.5 (w) 125.0 ( 8 )  122.9 ( 8 )  13.01 

"In CDICll unless otherwise stated. Abbreviations: w, weak signal, nonprotonated carbons; s, string signal, doublet in SFORD, pro- 
tonated carbons; me, methyl carbons. bCO and triphenylphosphine signals reported in Experimental Section. 'Values from ref 12e. 
dNonprotonated C atoms according to author's assignments. eTriplet; J(PC) = 10.4 Hz. /In CDC&.= #Triplet, metalated CH,; J(PC) = 7.0 
Hz. 

in refluxing benzene to give the cyclometalated complex 
[Ir(H)(bq)(CO)(PPh~,]PF,, which contains both new M-C 
and M-H bonds. The related aqua species [Ir(H)- 
(bq)(H,O)(PPh,),]SbF, has been obtained by Crabtree 
under different conditions." 

In order to isolate N-coordinate intermediates (before 
the cyclometalation occurs), we decided to explore the 
reactivity of 1 with 2-phenylpyridine (ppyH) (I) and 8- 
methylquinoline (mqH) (11). In both cases, we expected 
for these ligands a lower ability to give cyclometalated 
species compared to bqH. 

I XI 

Although the bond strength of the M-C(ary1) bond is 
the same for orthometdated bqH and ppyH, the approach 
to the metal center of the C-H bond of the somewhat less 
rigid ppyH is more unlikely. A slight difference in the 
ligand's reactivity might allow the formation of a stable 
N(a)-coordinate intermediate.l8 On the other hand, the 
formation of an M-C(benzy1) bond would be more difficult 
for thermodynamic reasons.1e21 

We herein report the formation and characterization of 
[Ir(CO)(HL)(PPh3)2]PFB (2, HL = ppyH; 3, HL = mqH) 
and their cyclometalated derivatives [Ir(H)(L)(CO)- 
(PPh&IPF6 (4, L = ppy; 5, L = mq). The solid-state 
structure of 3 is also reported and discussed. 

(18) Reed, C. A.; Roper, W. R. J. Chem. Soc., Dalton Trans. 1973, 
1365. 
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1986,794. 
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a single phosphorus resonance at I3 26.06 (in CDlC12 at 121.5 MHz). 
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Results and Discussion 
A. N-Coordinated Iridium(1) Complexes. We ob- 

served that an easy reaction occurs when 1 reacts with a 
slight excess of an N-ligand in CH2C12 at  25 OC. The 
displacement of an acetonitrile molecule from 1 affords the 
complexes shown in eq 2. 

[Ir(CO) (CH3CN) (PPh&1PF6 
1 

HL 

[Ir(co)(HL)(PPhs),lPF6 (2) 
2, HL = ppyH 
3, HL = mqH 

Both species were obtained as yellow, air-stable solids 
in high yield. The Complexes were characterized by ele- 
mental analysis and IR and NMR spectroscopies. Little 
or no shift was observed in v(C0) of 2 (1976 cm-') and 3 
(1961 cm-') with respect to the value found for 1 (1975 
cm-'). 

The 31P NMR data in CD2C12 solution are in agreement 
with the presence of two PPhs groups mutually trans, as 
observed in 1.22 

The chemical shift values (2,6 26.53; 3,6 27.60) are also 
very similar to that observed for l,a suggesting only minor 
changes a t  phosphorus. 

Although some of the proton resonances in the aromatic 
region are masked by those due to the PPh3 groups (and 
therefore they have not been assigned), the 'H NMR 
spectra of 2 and 3 show that the ligands ppyH and mqH 
are N-coordinated to the metal center. This coordination 
mode still enables free rotation about the bridge bond of 
ppyH. Consequently, the same pattern as in the free lig- 
and (an AMM'XX' spin system) was observed in the 
proton spectrum of 2 for the uncoordinated phenyl ring 
of ppyH (Table I). A downfield shift (A6 0.63 ppm) of 
the alkyl resonance of mqH on coordination is featured 
in 3. The same behavior has been reported for palladiums 

(22) Colquhoun, H. M.; Stoddart, J. F.; Williams, D. J. J. Am. Ckm. 
SOC. 1982,104, 1428. 

(23) 1: I3 25.56 (CD2Cl2, 20 "C). A value of I3 23.2 (in C& at 40 "C) 
has been previously reported: Williams, A. F.; Bhaduri, 5.; Maddock, A. 
G. J .  Chem. SOC., Dalton Tram. 197S, 1958. 
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Figure 1. ORTEP view of the cation of [Ir(CO)(mqH)(PPhS)2]PF6 
(3) with hydrogen atoms omitted for clarity. 

and platinumlla*c complexes of 8-alkylquinolines. This 
suggests that only a weak interaction is present between 
the C-H bond of the methyl group of mqH and the metal 
ion. On the other hand, a strong M--H-C "agostic" in- 
teraction is said to cause a high-field shift of the proton 
resonance.z4 

The 13C NMR spectrum of 2 features nine aromatic 
resonances (except for the carbonyl and PPh3 resonances) 
(Table 11). The singlefrequency off-resonance decoupling 
(SFORD) spectrum shows that no superposition of reso- 
nances is present. This means that, due to unhindered 
rotation, both the carbon atoms ortho, as well as meta, to 
the bridge bond in the phenyl ring of ppyH are equivalent. 
The SFORD spectrum also indicates that signals at 6 160.0 
and 137.6 arise from two nonprotonated carbon atoms. 

All 10 carbon resonances of mqH are present in the 13C 
NMR spectrum of 3 (Table 11). The aliphatic resonance 
at  6 23.3 has been assigned to the methyl carbon resonance. 
No other assignments were attempted. As seen from Table 
11, the 'X! chemical shift of the methyl group of mqh moves 
to lower field on complexation by ca. 5 ppm. Moreover, 
lJ(13C1H) at 125 Hz is normalz6 and similar to that ob- 
served in mqH.n Although inconclusive, this observation 
supports the belief that the C-H bond is still methylic in 
nature and no rehybridization at the C atom had occurred 
upon coordination. 

B. Molecular Structure of [Ir(CO)(mqH)- 
(PPh3)JPF6. In [Ir(CO)(mqH)(PPh,)z]PF6 (3) a mqH 
molecule has replaced the acetonitrile ligand of 1. A view 
of the cation is shown in Figure 1. Relevant structural 
data are reported in Tables I11 and IV. The iridium is 
distorted square planar with mutually trans P atoms. The 
P(1) and P(2) atoms show the largest displacement (0.19 
and 0.22 A, respectively) from the mean coordination plane 
(defined by Ir and the four ligand atoms). As a conse- 
quence, the P(l)-IyP(2) angle is slightly bent (168.3 ( 1 ) O ) .  

The Ir-N(l) distance of 2.131 (9) A is similar to those 
reported by Crabtree for iridium complexes of N-coordi- 
nate 8-fl~oroquinoline~ and &methylquinoline28 (2.130 (9) 

(24) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983,250, 

(25) Garber, A. R.; Garrou, P. E.; Hartwell, G. E.; Smas, M. J.; Wil- 

(26) Levy, G. C.; Nelson, G. L. Carbon-13 Nuclear Magnetic Reso- 

(27) Johns, S .  R.; Willing, R. I. Aust. J.  Chem. 1976,29, 1617. 
(28) Kulaviec, R. J.; Holt, E. M.; Lavin, M.; Crabtree, R. H. Inorg. 

395. 

kinson, J. R.; Todd, L. J. J .  Organomet. Chem. 1975,86, 219. 

nance for Organic Chemists; Wiley: New York, 1972. 

Chem. 1987,26, 2559. 

Table 111. Crystal Data for [Ir(C0)(mqH)(PPh,),]PF6 (3) 
formula C47H3%F61rN0P3 
fw 1032.9 
color yellow 
cryst system monoclinic 
space group 
a, A 
b, A 
c. A 

z 
bC, g 
cryst size, mm 
F(000) 
diffractometer 
radiation (A, A) 
p(Mo Ka), cm-' 
T, K 
29 range, deg 
scan method 
scan speed, deg min-' 
no. of data 
no. of unique data 
no. of data obsd [ I  2 

ado1 
no. of params refined 
transm factors 
R" 

goodness of fitc 
Rwb 

c2/c 
36.973 (7) 
10.782 i3j 
27.175 (5) 
119.682' ('13) 
9412 (3) 
8 
1.458 
0.14 X 0.15 X 0.18 
4096 
Siemens R3m/v, graphite monochromator 
Mo Ka (0.710 73) 
28.82 
298 
3.5-54.0 
W 

2.0-15.0 
11136 
9279 
6511 

532 
1.054-0.898 
0.0590 
0.0610 
1.79 

Table IV. Selected Distances (A), Angles deg), and Torsion 
Angles (deg) for 3 

Bond Distances 
Ir-P(l) 2.323 (2) Ir-P(2) 2.335 (3) 
Ir-C( 12) 1.814 (12) Ir-N(l) 2.131 (9) 
C(9)-N(1) 1.39 (1) C(2)-N(1) 1.32 (2) 
C(3)4(4) 1.33 (2) C(2)4(3) 1.40 (2) 
C(9)-C(lO) 1.40 (2) C(4)-C(lO) 1.42 (2) 
c(a)-c(g) 1.44 (2) C(5)-C(10) 1.40 (2) 
C(6)-C(7) 1.37 (3) C(5)-C(6) 1.38 (3) 
c(a)-c(i i)  1.47 (2) C(7)-C(8) 1.40 (2) 
Ir-H(l1a) 2.25 (1) C(12)-0(1) 1.16 (2) 

Bond Angles 
P(l)-Ir-P(2) 168.3 (1) P(2)-Ir-C(12) 89.7 (3) 
P(1)-Ir-N(1) 90.8 (2) P(2)-1r-N(1) 91.3 (2) 
P(l)-Ir-C(12) 87.9 (3) C(12)-Ir-N(1) 178.4 (4) 
Ir-C(12)-0(1) 177.4 (1) Ir-N(l)-C(g) 131.4 (8) 
kN(l)-C(2) 111.1 (7) N(l)-C(2)-C(3) 125.3 (11) 
C(2)-N(l)-C(9) 117.3 (10) C(3)-C(4)-C(lO) 120.7 (14) 
C(4)-C(lO)-C(9) 118.7 (11) C(4)-C(lO)-C(5) 119.5 (15) 
C(5)-C(lO)-C(9) 121.8 (15) N(l)-C(S)-C(lO) 120.4 (11) 
N(l)-C(9)-C(8) 121.3 (12) C(8)-C(9)-C(lO) 118.3 (11) 
C(6)-C(5)-C(lO) 119.7 (17) C(5)-C(6)-C(7) 119.4 (15) 
C(6)-C(7)-C(8) 123.3 (17) C(7)-C(8)-C(9) 117.3 (14) 
c(g)-c(a)-c(ii) 125.1 (11) c(7)-c(a)-c(ii) 117.5 (14) 

Torsion Angles 

N(l)-C(g)-C(8)-C(7) 176.7 (13) P(2)-1r-N(1)4(2) 84.8 (7) 

C(2)-N(l)-C(g)-C(8) 178.2 (11) P(2)-Ir-N(l)-C(9) -89.6 (9) 

and 2.168 (8) A, respectively). mqH is nearly planar and 
roughly perpendicular to the mean coordination plane. It 
also appears slightly asymmetrically coordinated, being 
tilted away by ca. loo ( b N 4  angles of 111.1 (7) and 131.4 
(8)'). The same feature has been previously observed in 
square-planar complexes of quinoline-8-carba1dehyde1la 

N(l)-C(9)-C(8)4(11) -6.2 (20) P(l)-h-N(1)4(2) -83.8 (7) 

N(l)-C(9)-C(lO)-C(5) -176.1 (14) P(l)-h-N(1)4(9) 101.9 (9) 

C(4)-C(lO)-C(9)-C(8) -177.6 (13) 

(29) Crabtree, R. H.; Holt, E. M.; Lavin, M.; Morehouee, S. M. Inorg. 
Chem. 1985, 24, 1986. 
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Figure 2. PLUTO drawing of the inner-coordination sphere of the 
cation of 3. 

2 

a Conditions: (a) ppyH, CH2C12/2-methoxyethanol, reflux, 24 h; 
(b) ppyH, CH2C12, 25 O C ;  (c) CH2Cl2/2-methoxyethanol, reflux, 24 
h. 

and 7,8-benzoq~inoline,~~~~~~. The methyl group of mqH 
is located above the the coordination plane in a pseudoaxial 
position (Figure 2), leading to an M-C distance of 3.147 
(13) A. 

Although shorter than a noninteracting Ir-CH3 group 
(ca. 3.5 A), this separation is longer than that observed in 
[Ir(H)2(mqH)(PPh3)2]BF4n' (1r-C = 2.69 (1) A), in which 
the methyl group is believed to be bridging. A difference 
Fourier synthesis failed to locate any of the hydrogen 
atoms. Therefore, except for the methyl hydrogens, all 
hydrogen atoms were included in the structural model in 
calculated positions and refined. After refinement, it 
became apparent that one C-H vector points toward the 
metal atom. The C-H and Ir-H distances, obtained in 
refinement, are 0.97 (1) and 2.25 (1) A, respectively. The 
latter distance is well within the range observed for a weak 
M-H interaction?' Moreover, the C( 11)-H( 1la)-Ir angle 
of ca. 154O is actually wider than any reported C-Hs-M 
angle for agostic structures?' Crabtree et alaa argued that 
the most favorable orientation of a C-H bond approaching 
a metal leads to a M-H-C angle of ca. 130°, which max- 
imizes both M-H and M-C interactions. 

All other angles and distances in the molecule are not 
unusual. Only the PF6- ion shows a certain degree of 
disorder. 

C. Cyclometalated Iridium Complexes. (a) 2- 
Phenylpyridine. In order to obtain cyclometalated 
species of ppyH and mqH, the reaction with 1 was carried 
out a t  higher temperature. Whereas 2 was the only 
product of the reaction of 1 and ppyH in CH2C12/toluene 
(1:7, v/v) under reflux (see Experimental Section), a 
mixture of 2 and the iridium compound 4 (in the ap- 
proximate ratio of 2:l) was obtained in CH2C12/2-meth- 
oxyethanol solution (1:3, v/v) heated under reflux (Scheme 
I). 

(30) Deeming, A. J.; Rothwell, I. P.; Hursthouae, M. B.; New, L. J. 

(31) Brookhart, M.; Green, M. L. H.; Wong, L.-L. h o g .  Znog. Chem. 
Chem. SOC., Dalton Trans. 1978, 1490. 

1988, 36, 1. 

PPh, 

QQh, 

- 2 0  HZ 

T T - L K P W  

Figure 3. 31P NMR spectra of [Ir(H)(mq)(CO)(PPh8)2]PF8 (5) 
at 121.5 MHz: (a) 'H-decoupled spectrum; (b) selectively de- 
coupled spectrum of aromatic protons only. 

Complex 4 has been isolated at  white microcrystals and 
spectroscopically characterized. The IR spectrum shows 
two absorptions at  2222 and 2044 cm-', assigned to u(1rH) 
and v(C0) stretching modes, respectively. 

The presence of a hydride group bonded to the iridium 
center has been confirmed by 'H NMR spectroscopy. A 
triplet a t  6 -15.26 (2J(PH) = 12.6 Hz) is indicative of a 
hydride cis to two PPh3 groups. A comparison cf NMR 
data of 4 and related c~mplexes '~J~ led us to suggest that 
in 4 the hydride ligand is trans to the aromatic N atom. 
The 13C NMR spectrum clearly shows that 4 is a cyclo- 
metalated species. A triplet a t  6 152.6 (2J(PC) = 10.4 Hz) 
has been interpreted as the resonance arising from the 
metalated carbon atom (Table 11). 

In light of this spectroscopic evidence and the crystal- 
lographic data for [Ir(H)(bq)(CO)(PPh3)2]PF6,16 an octa- 
hedral coordination geometry has been proposed for 4, 
wherein PPh3 molecules (L) occupy apical positions (111). 
The observation of a single resonance in the 31P NMR 
spectrum of 4 confirms that proposal. 

L + C O  L 

I11 

Although in lower yield, the formation of 4 has been also 
achieved through thermolitic rearrangement of 2 (pathway 
c in Scheme I). Again the choice of the solvent was critical 
and only the dichloromethane/2-methoxyethanol mixture 
has proven satisfactory. The use of other solvents gave 
no reaction or extended decomposition. 

(b) 8-Methylquinoline. The previous considerations 
about experimental conditions apply also to the formation 
of cyclometalated hydrido species of mqH. A species 
formulated as [Ir(H)(mq)(CO)(PPh3)2]PFs (5) has been 
obtained either from a high-temperature reaction between 
1 and mqH or by thermolitic rearrangement of 3. In both 
cases the new species is obtained as one component of a 
mixture (the other one being 3). The separation of the two 
compounds can be achieved only by repeated crystalliza- 
tion. The spectroscopic characterization of 5 clearly shows 
that the complex is the result of metal insertion into the 
benzylic C-H bond of mqH. 

The 'H NMR spectrum shows a triplet a t  6 -15.46 with 
a coupling constant (2J(PH) = 12.5 Hz) accounting for a 
hydride cis to two PPh3 groups. As for 4 the hydride 
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resonance was assigned to a hydrogen atom trans to an 
N-donor ligand. Furthermore, a triplet a t  6 3.05 (V(PH) 
= 11.4 Hz) can be assigned to a metalated benzylic CH2 
group. The 31P NMR spectrum (Figure 3a) shows a single 
resonance according to structure 111. Moreover, a broad 
quartet was observed in the 31P NMR spectrum obtained 
by selective decoupling of the aromatic protons (Figure 3b). 
Two different coupling constants can be measured: a 
V(PH) coupling ofz12 Hz, which results from coupling 
to the hydridic proton (vide supra), and a 3J(PH) coupling 
of ~ 1 1  Hz, corresponding to coupling to the benzylic 
protons of metalated 8-methylquinoline. The apparent 
quartet is actually a doublet of triplets, wherein the similar 
magnitude of the coupling constants causes line superpo- 
sition. 

All the nine resonances due to the aromatic skeleton of 
mqH were observed in the NMR spectrum of 5 be- 
tween 120.0 and 160.0 ppm. 

Observation of the SFORD spectrum allowed the iden- 
tification of three nonprotonated C atoms. The high-field 
triplet at 13.0 ppm (2J(PC) = 7.0 Hz) was assigned to the 
metalated benzylic CH2 group. No other assignments were 
made. 

Conclusion 
The present study indicates that cyclometalation of 

ppyH and mqH can be achieved by means of 1. It also 
shows that the formation of an N-coordinate adduct is 
clearly the first step in the activation of the C-H bond, 
the following step being oxidative addition to the metal 
and hydride formation. 

In the case of an aliphatic and benzylic C-H bond being 
activated by a metal ion, a strong "agostic" interaction 
could be a good model for the transition state of the re- 
action. This is more likely true in the case of nucleophilic 
activation.8 What is not clear is whether the M-H-C 
bonding interactions observed are essential in the overall 
process of activation. The occurrence of such an inter- 
action may well be due to the necessity to minimize steric 
repulsions elsewhere in the complex. This seems to be 
particularly true with d8 square-planar metal complexes. 

As in many other cases, it is not demonstrated that in 
3 (long M-C distance, normal 'J(13C'H) value, low-field 
'H shift, etc.) the M-H-C interaction has some bonding 
character. We prefer to think of this as an "opportunistic" 
interaction, in which geometric constraints play a major 
role. 

Experimental Section 
All reactions were carried out under a nitrogen atmosphere in 

dried solvents. The 'H (300.13 MHz), 13C (75.469 MHz), and 31P 
(121.5 MHz) NMR spectra were recorded with a Bruker WH 300 
spectrometer. Chemical shifts are referenced to internal TMS 
('H and ',C) and to external 85% H3P04 (,'P). Single-frequency 
off-resonance decoupled (SFORD) 13C spectra were obtained in 
order to assign the nonprotonated carbon atoms. Infrared spectra 
were recorded on a Perkm-Elmer 1330 spectrophotometer for KBr 
pellets or mineral oil mulls. 

Analyses were performed by the Microanalysis Laboratory of 
our department. 

The ligands 2-phenylpyridine (Aldrich) and gmethylquinoline 
(Fluka AG) were used as received without further purification. 

Formation of [Ir(Co)(ppyH)(PPh3),]PF6 (2). (a) I n  
CH2C12. 2-Phenylpyridine (40 pL, 0.279 mmol) was added to a 
stirring solution of [Ir(CO)(CH3CN)(PPh,)2]PF616 (1) (0.200 g, 
0.215 mmol) in CH2Clz (10 mL) whereupon the yellow solution 
immediately lightened. After the mixture was stirred for 1 h, 
addition of diethyl ether gave a pale yellow microcrystalline 
product. The solid was removed by filtration, washed with diethyl 
ether, and dried in vacuo: yield 0.194 g (86%); mp 217-218 "C. 
Anal. Calcd for CaH3f161rNOP$ C, 55.17; H, 3.76 1.34. Found: 
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C, 54.82; H, 3.69; N, 1.31. IR (KBr): u(C0) 1976 (vs) cm-'. AM 
(lo-, M CHzClz solution) = 52.60 f2-l M-' cm2. slP(lHJ NMR 

= 12.2 Hz, Ir-CO), [134.3 (t, J(PC) = 6.0 Hz), 131.9 (s), 130.1 (t, 

(b) In CH&l,/Toluene. 2-Phenylpyridine (40 pL, 0.279 "01) 
was added to a solution of 1 (0.200 g, 0.215 mmol) in CH2C12/ 
toluene (40 pL, 1:7 v/v). The stirred mixture waa refluxed, and 
then within a few minutes a yellow solid began to precipitate. 
After 5 h 0.175 g of product 2 was collected by filtration (yield 
78%). 

Formation of [Ir(CO)(mqH)(PPh3)2]PF6 (3). A slight excess 
of 8-methylquinoline (25 pL, 0.182 mmol) was added to a stirred 
solution of 1 (0.100 g, 0.107 mmol) in CH2C12 (4 mL). After 2 h 
of stirring, addition of diethyl ether afforded a yellow precipitate, 
which was collected by fitration, washed with diethyl ether, and 
dried in vacuo. Recrystallization from CH2C12/diethyl ether gave 
0.096 g (83% based on 1 CHzClz of crystallization) of yellow 
crystals, mp 204-205 "C. Anal. Calcd for C47H~&NOP3CH2C12: 
C, 51.62; H,  3.70; N, 1.25. Found: C, 51.79; H, 3.93; N, 1.22. IR 
(KBr): v(C0) 1961 (w) cm-'. AM M CH2C12 solution) = 54.20 
C2-l M-' cm2. 31P(1H) NMR (CD2C12): 6 27.60 (9). 13C(1HJ NMR 
(CD2C12): 6 173.0 (t, J(PC) = 11.8 Hz, Ir-CO), [134.2 (t, J(PC) 
= 6.0 Hz), 131.8 (e), 129.8 (t, J(PC) = 27.4 Hz), 129.2 (t, J (PC) 

Formation of [I~(H)(PP~)(CO)(PP~~)~IPF~ (4). (a) Re- 
action of 1 wi th  ppyH. 2-Phenylpyridine (40 pL, 0.280 mmol) 
was added to a solution of 1 (0.200 g, 0.215 mmol) in CH2C12/ 
2-methoxyethanol(40 mL, 1:3 v/v). The resulting yellow solution 
was stirred under reflux for 24 h. The solution was then con- 
centrated (to ca. 20 mL) in vacuo and diethyl ether dropwise added 
until yellow microcrystals of 3 began to form. The solid was 
collected by filtration and dried in vacuo. Yield: 0.117 g (52%). 
The yellow mother liquor was concentrated under reduced 
pressure. Addition of diethyl ether afforded a pale yellow powder. 
Recrystallization of this powder from CHzCl2/diethyl ether gave, 
after cooling a t  -20 OC, analytically pure 4 as white microcrystals 
(0.050 g, 22%). Anal. Calcd for C18H39F61rNOP3: C, 55.17; H, 
3.76; N, 1.34. Found: C, 54.52; H, 4.13; N, 1.32. IR (mineral oil 
mull): v(1rH) 2222 (w), u(C0) 2044 (s), u(PF) 840-830 (s, br) cm-'. 
AM M CHzClz solution) = 55.96 C2-l M-' cm2. 'H NMR 
(CD2C12): b -15.26 (t, J (PH)  = 12.6 Hz, Ir-H). 31P(1HJ NMR 
(CD2C12): 6 6.70 (s, doublet after selective decoupling of non- 
hydridic protons, PPh3), -142.1 (septet, 'J(PF) = 711 Hz, PF6-). 
13C{lH) NMR (CD2C12): 6 174.9 (t, J(PC) = 6.0 Hz, II-CO), [133.9 
(t, J(PC) = 5.4 Hz), 131.8 (s), 129.1 (t, J(PC) = 5.5 Hz), 128.4 

(b) Thermal  Rearrangement of 2. A solution of 2 (0.200 g, 
0.191 mmol) in CHzCl2/2-methoxyethanol (20 mL, 1:3 v/v) was 
stirred under reflux for 24 h. The yellow solution was then filtered 
on a glass frit to remove a small amount of black insoluble solid. 
The volume of the solution was reduced to ca. 10 mL by evapo- 
ration under vacuum. Addition of diethyl ether induced pre- 
cipitation of a yellow-green solid (0.112 g), identified as the starting 
complex 2 by IR and NMR spectroscopies. Overnight cooling 
(-20 "C) of the brown mother liquor gave white microcrystals of 
4 (0.033 g, 15%). 

Formation of [Ir(H)(mq)(CO)(PPh3)21PF6 (5). (a) Reac- 
tion of 1 wi th  mqH. A slight excess of 8-methylquinoline (25 
rL, 0.182 mmol) was added to a stirred solution of 1 (0.130 g, 0.140 
mmol) in CH2C12/benzene (25 mL, 1:4 v/v) and the reaction 
mixture heated under reflux for 24 h. The solution was then 
concentrated (to ca. 10 mL) in vacuo. Slow addition of diethyl 
ether induced precipitation of a yellow powder of 3 (0.040 g, 28%). 
The solid was removed by filtration, and the yellow filtrate waa 
taken to dryness. The resulting viscous yellow oil was redissolved 
in CH2C12, and pentane was added to the solution to induce 
precipitation of a pale yellow solid (0.060 g). The solid was shown 
to be formed from a mixture (ca. 1:2) of 3 and the new cyclo- 
metalated product 5 by 'H NMR analysis. The products were 
separated by repeated fractional crystallization from CH2C12/ 
diethyl ether a t  -20 "C. Complex 5 (white grayish solid): mp 
198-199 "C. Anal. Calcd for C4,H3f161rNOP,: C, 54.65; H, 3.80; 
N, 1.36. Found: C, 53.86 H, 3.75; N, 1.50. IR (mineral oil mull): 
v(1rH) 2200 (br w), u(C0) 2041 (s) cm-'. 'H NMR (CD2C12): 6 

(CD2C12): b 26.53 (5). 13Cl'HJ NMR (CD2C12): 6 173.5 (t, J(PC) 

J(PC) = 27.4 Hz), 129.3 (t, J (PC) 5.4 Hz) (PPh,)]. 

= 5.1 Hz) (PPh,)]. 

(t, J(PC) = 29.0 Hz) (PPh,)]. 

-15.46 (t, J(PH) = 12.5 Hz, b H ) .  31P{'H) NMR (CD2Cla: b 12.27 
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(a, doublet of triplets after eelective decoupling of aromatic 
protons, 2J(PH) = 12 Hz, PJPH) = 10 Hz, PPhs). 'BC(*HI NMR 

= 5.6 Hz), 131.6 (a), 129.3 (t, J(PC) = 30 Hz), 128.9 (t, J(PC) = 

(b) Thermal Rearrangement of 3. A pale yellow solution 
of 3 (0.150 g, 0.145 mmol) in CH2C12/benzene (15 mL, 1:2 v/v) 
was stirred under reflux for 22 h. The resulting yellow-brown 
solution was taken to dryness, the solid reaidue dissolved in CH2C12 
(5 mL), and diethyl ether added to afford a pale yellow powder 
(0.110 g). The IR (mineral oil mull) spectrum of the solid showed 
the residual v(C0) absorption band of 3, together with new bands 
at ca. 2200 (br w) and 2040 (s) cm-', assigned to complex 5. 'H 
and NMR analyses showed the presence of 3 and 5 in almost 
equimolar amounts. 

X-ray Structure Study. Diffraction data for compound 3 
were collected on a Siemens R3m/v four-circle diffractometer 
using a graphitemonochromated Mo Ka (A = 0.71073 A) radiation 
and an w-scan technique. Accurate unit cell dimensions and 
crystal orientation matrices were obtained from least-squares 
refinement of 25 strong reflections in the 15 C 28 C 30 range. 
Lorentz and polarization corrections were applied to the intensity 
data. An absorption correction was applied (DIFABS,~). The 
structure was solved by using standard Patterson methods and 
subsequently by using Fourier maps. All non-hydrogen atoms 

(CD2C12): 6 173.5 (t, J(PC) 

5.3 Hz) (PPh,)]. 

7.0 Hz, Ir-CO), [133.4 (t, J(PC) 

(32) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1989, A B ,  158. 

were refiied anisotropicelly, while hydrogen atome of the methyl 
group (from a Mmap) and other hydmgen atom (from calculated 
positions) were included with a common thermal parameter (V 
= 0.08 A?. Of 11 136 reflections there were 9'2'79 unique and 6511 
with Z > 3a(Z). Theae data were used in the final refinement of 
the structural parameters to arrive at residuals of R = 0.059 and 
R, = 0.061. The weighting scheme used in the last refinement 
cycle was w = l . ~ / t ~ ( F & ~  + 0.001(F,)2. All calculations were 
performed by using the SHELTX PLUS (version 3.43)= and PAR&' 
computer programs. 
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The structural, thermodynamic, and electronic properties of 91 phosphaborane cluster compounds have 
been calculated by using the MNDO-SCF semiempirical molecular orbital calculational method. The 
geometry-optimized minimum energy structuxw for all the known, structurally characterized phosphaborane 
systems have been calculated, and exceptionally good agreement between experimentally determined and 
calculated structural parameters has been observed. Calculations for five classes of small phosphaborane 
clusters, with fewer than nine vertex atoms, have been completed and have been related to experimentally 
and spectroscopically proposed structural types. The relationship between bridged and inserted phos- 
phaborane structures has been related to the variation in molecular orbital energies as a function of the 
(phosphorus-bridged boron atom plane)-(bad boron plane) dihedral angle. Complete MO correlation 
diagrams that relate the orbitals for bridged phosphaborane systems to inserted systems have been con- 
structed. Linear relationships have been observed between the calculated charge on the phosphorus atom 
and both the phosphorus-apical boron bond distance and the bridgehead baaal boron bond distance. The 
hydrogen atoms bridging basal boron atoms in the phosphorus-inserted clusters were found to be deflected 
toward the boron atoms bonded to the phosphorus. The boron atoms bonded to the phosphorus atom, 
therefore, more clmly resemble BH2 units with two terminal protons rather than BH units that contain 
only one terminal proton each. Predictions concerning structural and chemical reactivities for unknown 
phosphaborane compounds have been made on the basis of these MO calculations. 

Introduction 
It has become clearly evident that borane and hetero- 

borane clusters and their transition-metal complexes bear 
close electronic and structural relationships with other 
main-group and organometallic clusters and that experi- 
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mental and theoretical insights gained from the study of 
these boron caged systems can be profitably extended to 
other classes of molecular p~ lyhedra .~ .~  The theoretical 
study of heteroborane cluster species by semiempirical 
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metallics, followmg paper in thia hue .  
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