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The Passerini reaction assisted by Tic14 is a three component reaction (RNC, R'2C0, Tic&) 
leading to C-C bond formation between the carbonyl and the isonitrile groups, and the formation 
of a-hydroxy amides. In order to  clarify the mechanism of the reaction, we have isolated Tic&- 
RNC and TiC&-R2CO adducts, (2,6-Me2C6H3NC)TiC1312(~-C1)2)2,2, [T~C&{PZ-CO=C(OE~)CH~- 
NC)l2, 3, [TiC&(p2-O=P(OEt)2CHzNC)32, 4, and [TiC4{PhC(O)-C(O)Ph)l, 5. Spectroscopic 
and X-ray analysis on 2 and 3 ruled out any insertion of the isocyanide into Ti-C1 bonds, as 
required by the accepted mechanism of this reaction. The reaction on the ketone- or isocyanide 
T i c 4  adducts with the third component of the Passerini reaction led us to the isolation and 
full characterization of [mer-TiC13(~3-OC(Mes)(H)C(C1)=NCH2C(OEt)=01, 6, [mer-TiCls- 
(~3-OC(Ph)(Me)C(Cl)=NCH2C(OEt)=O], 7, [mer-TiC13(q3-OC(Ph)(Me)C(C1)=NCH2P- 
(OEt)2=0], 10, and [mer-TiCl~(~3-OC(Ph)(OCPh)C(C1)=NCH~C(OEt)=Ol, 12, derived from 
the reaction of MesCHO and PhCOMe with EtOOCCH2NC, of PhCOCH3 with O=P(OEt)2- 
CH2NC, and PhCOCOPh with EtOOCH2NC, respectively. These are high yield reactions and 
form, as imposed by the planar assembled ligand, the mer-isomer only. The hydrolysis of 6, 
7,10, and 12 gave the expected a-hydroxy amide derivatives, 8,9,11, and 13, respectively. The 
overall mechanism of the Tic&-assisted Passerini reaction can be described as the electrophilic 
activation of a carbonyl group by T i c 4  followed by the nucleophilic attack on the carbonylic 
carbon by the RNC nucleophile. Crystallogra hic details: 2 is monoclinic, space group P21/n, 
a = 13.943(1) A, b = 8.045(1) A, c = 12.141(1) 1, a = y = 90°, /3 = 104.76(1)', 2 = 2, R = 0.048; 
4 is monoclinic, space group P21/c, a = 12.961(1) A, b = 11.770(1) A, c = 10.917(1) 8, a = y = 
90°, ,f3 = 114.13(1)', 2 = 2, R = 0.049; 5 is triclinic, space group Pi, a = 10.549(1) A, b = 10.668(1) 
A, c = 9.533(1) A, a = 115.08(1)', ,f3 = 115.47(1)', y = 95.01(1)', 2 = 2, R = 0.035; 7 is triclinic, 
space group PI, a = 9.731(2) A, b = 10.552(3) A, c = 8.978(2) A, a = 96.66(2)', f l  = 101.86(2)', 

= 95.30(2)', 2 = 2, R = 0.042; 10 is monoclinic, space groupP21/c, a = 11.503(2) A, b = 14.095(2) a, c = 15.110(2) A, a = y = 90°, fl = 96.79(2)', 2 = 4, R = 0.116; 12 is triclinic, space group Pi, 
a = 9.272(4) A, b = 9.965(4) A, c = 15.029(6) A, a = 101.84(3)', ,f3 = 104.12(3)', y = 99.53(3)', 
2 = 2, R = 0.092. 

Introduction 
The Passerini reaction is a classic method for C-C bond 

formation between a ketone and an isocyanide.' This acid- 
assisted reaction leads to the formation of an a-hydroxy 
acid ester.2 

F 
RNC + R'2CO + R"C0OH RNH-f-7-0-f-R' 

O R  0 

A variation of the Passerini method involves the use of 
a protic mineral acid or a Lewis acid such as Tic4 as 
promoter.3 In the latter case, the reaction produces upon 
hydrolysis an a-hydroxy amide. 

* To whom correspondence should be addressed. 
f Dedicated to Professor Gian Paolo Chiusoli on the occasion of his 

70th hirthdav. . - ___ -I _____ 
(1) Pamerlni, M. Gazz. Chim. Ital. 1921,51, 181, 250; 1922, 52, 432; 

1923,53,410; 1924,54,672; 1925,55, 721; 1926,56, 365,826. 
(2) (a) March, J. Advanced Organic Chemistry, 3rd ed.; J. Wiley: New 

York, 198s; p870. (b) Reetz, M. T. Orgonotitanium Reagents in Organic 
Synthesis; Springer: Berlin, 1986; p 8. 
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R 
i) TiCI, I 

RNC + R2CO - RNH-f-y-OH 
O R  

A number of mechanisms have been proposed for this 
reaction, and these vary with the acid catalyst and the 
reaction conditions used. Except for the Saegusa mech- 
anism: which involves the intermediate formation of an 
imino oxirane, all the others, i.e. Ugi,6Baker,6 and Passerini 
himself,' proposed an electrophilic activation of the 

(3) (a) Schiess, M.; Seebach, D. Helu. Chim. Acta 1983,66,1618. (b) 
Seebach, D.; Adam, G.; Gees, T.; Schiess, M.; Weigand, W. Chem. Ber. 
1988, 121, 507. (c) Seebach, D.; Beck, A. K.; Schiess, M.; Widier, L.; 
Wonnacott, A. Pure Appl. Chem. 1983,55,1807. 

(4) Saegusa, T.; Taka-Ishi, N.; Fujii, H. Tetrahedron 1968,24,3795. 
(5) (a) Ugi, I.; Meyr, R. Chem. Ber. 1961,94,2229. (b) Ugi, I. Angew. 

Chem., Int. Ed. Engl. 1982,21,810. (c) Hoffmann, P.; Marquarding, D.; 
Kliimann, H.;Ugi, I. In The ChemistryofFunetioMZGroups,Srcpplement 
C; Patai, S., Rappaport, Z., Eds.; J. Wiley: New York, 1983; Chapter 15, 
p 863. 

(6) Baker, R. H.; Stanonis, D. J. Am. Chem. SOC. 1951,79,699. See 
also: Baker, R. H.; Schlesinger, A. Ibid. 1945, 67, 1499. Baker, R. H.; 
Linn, L. E. Zbid. 1948, 70, 3721. 
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Passerini Reaction Assisted by Tic14 

Scheme I 
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Scheme I1 

IA 
tautomerism 

PHI  B 
R--N=C-C-O-C-R' 

I 
# 

.acyl rearrangement / 

'0-c' . 
% 

'R 

carbonyl group, followed by the nucleophilic attack of the 
isocyanide (see Scheme I). 

In the case of the Tick-assisted reaction, a typical 
organometallic pathway was proposed (vide infra) based 
on previous investigations of Tick-isocyanide chemistry.' 
An important feature of this mechanism is the supposed 
insertion of RNC into a Ti-C1 bond. 

We were particularly interested in the formation of an 
organometallic species from nonorganometallic precursors, 
so we went back to examine Tick. Preliminary results 
have been briefly comm~nicated.~*~ This investigation led 
us to conclude the following: (i) the Tick-RNC interaction 
never leads to organometallic species via an insertion 
reaction; (ii) as proposed by Passerini and others, the acid, 
i.e. Ti&, serves to enhance the electrophilicity of the 
carbonyl group; (iii) the preliminary interaction between 
T ic4  and an isocyanide has a deactivating rather than an 
activating effect on the reaction; (iv) titanium in T ic4  
acts as a template Lewis acid assembling around itself the 
two components of the reaction. 

Our investigations have resulted in the isolation of a 
reactive intermediate which not only clarifies the role of 
Tic14 in the Passerini reaction but also allows us to make 
suggestions for designing template Lewis acids for use in 
organic synthesis. 

Results and Discussion 

In order to understand the basis for the three component 
reaction taking place in the Tick-assisted Passerini 
reaction, we needed to first explore the reactivity of T ic4  
separately with isocyanides and ketones. 

(i) Reaction of Ticla with Isocyanides. Tick reacts 
in CHzClz or toluene solutions with isocyanides to form 
exclusively the corresponding TiCk-CNR adducts.8J0 Two 
factors which are crucial for a positive outcome are (i) a 

(7) (a) Crociani, B.; Nicolii,  M.; Richards, R. L. J. Organomet. Chem. 
1978,101, C1. (b) Ibid. 1979,181,69. (c) Crociani, B.; Richarde, R. L. 
J. Chem. SOC., Chem. Commun. 1973,127. (d) Dahkordy, B.; Crociani, 
B.; Richards, R. L. J. Chem. Soc.,DaZton Tram. 1977,2015. (e) Crociani, 
B. 'Reactione of Coordinated Isocyanides." InReactions of Coordinated 
Ligands; Braterman, P. S., Ed.; Plenum: New York, 1986; p 553. 
(8) Camfqlio,T.;Floriani, C.;Chieai-Villa, A.; Guastini,C.lnorg. Chem. 

1989,28,4417. 
(9) Carofilio, T.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. Organo- 

metallics 1991, 10, 1659. 
(10) Insertion of RNC into a V C 1  bond7 has been proved to be 

incorrect. Silverman, L. D.; Dewan, J. C.; Giandomenico, C. M.; Lippard, 
S. J. Inorg. Chem. 1980, 19, 3379. 

Tic14 - 

RNC 
R = B d  

O=X-CHzNC 
X = C-OEt; P(0Et)z 

terminal chlorines omitted 
for clarity 

3, X = C-OEt 

4, x = P(OEt)2 

short reaction time and (ii) the absence of any trace of 
water. The neglect of these conditions has in the past 
contributed to the misinterpretation of the identities of 
the TiC4-isocyanide reaction products7 (vide infra). 

Isocyanides form adducts with T ic4  in either 1:l or 1:2 
molar ratios, depending on the nature of the R group of 
the isocyanide which can have an influence due to steric 
factors or the presence of donor atoms in ita skeleton. 
This is summarized in Scheme 11. 

Three classes of compounds have been identified, and 
they are exemplified by complexes 1-4. These have been 
characterized by analytical and spectroscopic data in- 
cluding an X-ray analysis of 1: 2 (vide infra), and 4 (vide 
infra). Some common features are the hexacoordination 
of titanium(1V) and an increase in the C-N stretching 
vibration frequency compared with the uncoordinated 
isocyanide, which is as expected for coordination to an 
electron deficient metal. The two ligands in the Tick 
adducts 1,3, and 4 are cis to each other. 

Complex 2 has the structure shown in Figure 1. A 
selection of bond distances and angles are listed in Table 
VIII. The structure consists of centrosymmetric dimers. 
Each titanium atom is surrounded by four chlorine atoms 
and an isonitrile ligand, and the octahedron is completed 
by dimerization through symmetric chlorine bridges. The 
Ti-C%Nl-Cl fragment is linear and nearly perpendicular 
to the Ti2C12 plane, the dihedral angle between the two 
being 11.3(1)O. 

The structure of complex 4 is shown in Figure 2, and a 
selected list of bond distances and angles is given in Table 
IX. The most interesting feature is the existence of a 
centrosymmetric twelve-membered dimetallacycle where 
two T ic4  molecules are doubly bridged by two isocyanide 
ligands through the 01 oxygen atom and the C5 carbon 
atoms of the isocyanide moieties. The linear Ti'45-Ni- 
C6 skeleton does not allow the functionalized isocyanide 
to chelate to the same metal. The dimetallacycle assumes 
a 'bed" conformation with P1 and 01 being 1.337(1) and 
1.083(3) A out of the mean plane running to the ring. 
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c4 

Carofiglio et al. 

imino group but to the hydrolysis of the compound in air 
which gives rise to formamide [ButNHC(0)Hl, to which 
the band belongs.s*g A further explanation of the band at  
1600-1700 cm-1 may be the presence in the solid formed 
from the reaction in Scheme I of an adventitious amount 
of the dimer of the isocyanide.12J3 We found that TiC4, 
under the conditions reported in the literature7 (see 
Experimental Section) promotes the formation of a small 
amount of the same dimer containing an imino group RC- 
(CN)=NR which has also been observed in the reaction 
with EhOBF3 (see Experimental Section).13 

(ii) Reaction of Tic14 with Carbonyl Compounds. 
The reaction of Tic4  with the other component of the 
Passerini reaction, the ketone or the aldehyde, is well- 
known and leads to the corresponding adduct. Mono or 
bis adducts may be formed depending on the molar ratio 
used and on the substituents at  the carbonyl group.14J6 
These adducts have been studied mainly in solution,14 
but recently we undertook an analysis of some solid state 
structures.16 These structures belong to the two classes 
exemplified by the isocyanide adducts 1 and 2. The metal 
is hexacoordinate both in solution and in the solid state. 

We report here the adduct of Tic4  with the dibenzoyl 
only: 

f 
c112 

Figure 1. ORTEP drawing for complex 2 (30% probability 
ellipsoids). The prime indicates a transformation of -x ,  -y) 

Obviously, the centrosymmetric atoms P1’ and 01’ are 
out of the plane a t  the opposite side. Bond distances and 
angles (Table IX) are in good agreement with those found 
in complex 2, and a significant C1-H-C contact [C12*-C6, 
3.470(6) A, C12-C62,2.87 A, C12--H62-C6,124O] suggests 
a hydrogen bonding interaction. The Ti-C distances are 
significantly longer [Ti-C1, 2.240(8) A; Ti-CG, 2.256(6) 
A] than those reported for the few bis(cyclopentadieny1)- 
titanium isocyanide complexes so far structurally studied, 
i.e. [(a6-CsMes)zTi(ButNC)-.r12-ButNzCCHzCHzCORez- 
(C0)gI 12.17 (2) AI ,lla [ (cp)zTi{ q2-C (Me)NButJ(CNBut) 1 - 
BPb-MeCN [2.192(6) AIFb and [(cp)zTi(CO)(CNBut)1 
[2.112(9) AlegC 

The results we found for Tic&-RNC chemistry are not 
surprising but are nevertheless in strong disagreement with 
the literature results used to support the mechanism of 
the Ti&-assisted Passerini The reaction of 
Tic4  with isocyanides has been reported to give rise to 
the “insertion” of an isocyanide group into a Ti-C1 bond 
as shown in eq l.7 Reaction 1 has to be considered rather 
unusual, because of the formation of a Ti-C bond from a 
nonorganometallic precursor. 

-2 * 

A 

The structure A previously proposed for complex 2 was 
essentially based on a band seen a t  around 1600-1700 cm-l 
in the IR s~ec t rum.~J  However this band is not due to an 

(11) (a) Mashima, K.; Jyodol, K.; Ohyoehi, A.; Takaya, H. Organo- 
metallics 1987,6, 885. (b) Bochmann, M.; Wileon, L. M.; Hurathouse, 
M. B.; Short, R. L. Zbid. 1987,6, 2556. (c) Kool, L. B.; Rausch, M. D.; 
Herberhold, M.; Alt, H. G.; Thewalt, U.; Honold, B. Zbid. 1986,5, 2465. 

CI 
PhCOCOPh 

Ticla - 
CI’ I ‘04 

CI 
5 

Dibenzoyl was used in this study since it can fill all the 
coordination sites in TiC4, thus preventing, in the case of 
the Passerini reaction, any precoordination of the isocya- 
nide. This strategy enabled us to understand whether a 
Ti&-RNC interaction is a prerequisite for the Passerini 
reaction. The structure of 5 is shown in Figure 3, and 
significant structural parameters are listed in Table X. 
Complex 5 is monomeric and the a,cu’-diketone chelates 
through both oxygens, resulting in a pseudooctahedral 
coordination geometry around the metal. 

(iii) Reaction of Tic14 with Ketones and Isocya- 
nides. The accepted mechanism of the TiC4-assisted 
Passerini reaction between ketones and isocyanides is 
shown in Scheme III.293 

This mechanism is based on a number of findings we 
were unable to confirm, starting with the important 
insertion of the isocyanide into a Ti-C1 bond. In none of 
the reactions between Tic4  and isocyanides did we observe 
the formation of iminochloroacyl A. This is not surprising 
given, firstly, the oxophilicity of Ti(1V) which would favor 
attack by R’”’C0 over RNC as the first step in Scheme 
111, and secondly, the tendency of Ti(1V) to form hexa- 
coordinate complexes. 

(12) Millich, F. Chem. Rev. 1972,2, 101. 
(13) (a) Kabbe, H. J. Angew. Chem. 1968,80,406. (b) Saegusa, T.; 

Taka-ishi, N.; Ito, Y. J. Org. Chem. 1969,34,4040. 
(14) McAuliffe, C. A.; Barratt, D. S. In Comprehensiue Coordination 

Chemistry; Wilkinaon, G., Gillard, R. D., McCleverty, J. A,, Me.; 
Pergamon: Oxford, England, 1987; Vol. 3; Chapter 31, p 364. 

(15) (a) Cwimatie, D.; Susz, B. P. Helu. Chim. Acta 1960, 222,852. 
(b) Schwartz, D.; L m n ,  J. Less Common Met. 1963,5,365. (c) B w i ,  
1. W.; Calcaterra, M.; Intrito, R. J. Orgummet. Chem. 1977,227,305. (d) 
Turin, E.; Nieleon, R. M.; Merbach, A. Znorg. Chim. Acta 1987,294,67. 
(e) Idem. Ibid. 1987, 234, 79. 

(16) Cozzi, P. G.; Carofiglio, T.; Solari, E.; Floriani, C. Manuscript in 
preparation. 
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Table I. Experimental Data for the X-ray Diffraction Studies on Crystalline Complexes 2,4, 5,7,10, and 12 
complex 2 4 5 7 10 12 
cryst habit prisms prisms irregularly shaped prisms unshaped twinned unshaped 

formula C18Hi8C18- c I 2H24C1806- CirH I 0C40zTi C i 3H I 5Cl4- C14H&404NPTi- C19H17C404NTi. 

cryst syst monoclinic monoclinic triclinic triclinic monoclinic triclinic 

cell param at 295 Ka 
a, A 13.943(1) 12.961( 1) 10.594(1) 9.731(2) 11.503(2) 9.272(4) 
b, A 8.045( 1) 11.770( 1) 10.668(1) 10.552(3) 14.095(2) 9.965(4) 

15.029(6) c, A 12.141( 1) 10.917(1) 9.533(1) 8.978(2) 1 5.1 1 O(2) 
a, deg 90 90 115.08(1) 96.66(2) 90 101.84(3) 
@, deg 104.76(1) 114.13(1) 115.47(1) 101.86(2) 96.79(2) 104.12(3) 

v, IF 1316.9(2) 1519.9(3) 831.7(2) 889.7(4) 2432.7(6) 1283.6( 10) 
z 2 2 2 2 4 2 
Dcllcdr g 1.618 1.603 1.597 1.579 1.581 1.547 
mol wt 641.8 733.7 399.9 423.0 579.1 598.0 
cryst dimens, mm 
linear abs cocff, cm-I 129.8 13.62 11.56 10.90 8.84 9.86 

diffractometer Siemens A.E.D. Philip PW 1100 Philips PW 1100 Philips PW 1100 Rigaku AFC6S Rigaku AFC6S 
diffraction geometry equatorial equatorial equatorial equatorial equatorial equatorial 
radiation b C C C C C 
28 range, deg 6-1 30 6-50 6-50 6-60 5-50 5-60 
scan type 8-28 0-28 0-28 w-28 0-28 0-28 
scan speed, deg min-1 4 1  2 4-12 6-12 4-12 8 4 
scan width, deg 
reflcns measd *h,k,l kh,k,l *h,*k,l *h,*k,l kh,k,l *h,*k,l 
no. of unique total data 2381 2674 2939 5221 3241 565 1 
criterion for observn 2 2 2 2 2 2 
no. of unique obsd data 159 1 1936 2043 3200 2356 2596 
no. of variables 136 148 190 199 210 266 
overdetermination ratio 1 1.7 13.1 10.8 16.1 11.2 9.7 

R, = k[dy]’/’/ 0.050 

GOF = [ dAFlz/ 0.73 

crystals fragments fragments 

N2Tf2 NPtTiz O3NTi C7Hs CHzC12 

space group E i / n  n 1 / c  Pi Pi m1/c P1 

90 90 95.01(1) 95.30(2) 90 99.53(3) 

0.28 X 0.32 X 0.41 0.45 X 0.56 X 0.60 0.27 X 0.53 X 0.64 0.39 X 0.41 X 0.55 0.06 X 0.19 X 0.40 0.10 X 0.15 X 0.30 

transm factor range 0.852-1.000 0.900-1 .OOO 0.847-1.000 0.968-1 .000 0.6085-1.000 0.569-1.000 

1.20 + 0.015 tan 0 1.20 + 0.35 tan 8 1.20 + 0.35 tan 19 1.20 + 0.35 tan 8 1.68 + 0.35 tan 8 1.78 + 0.35 tan 6 

max A / u  on last cycle 0.001 0.3 0.1 0.7 0.2d 0.1e 
R = Z ar;l/Wd 0.048 0.049 0.035 0.042 0.116 0.092 

0.057 0.038 0.052 0.119 0.098 

1.12 1.13 0.26 1.28 0.89 
ZI@$1’2 

(NO-NV)]I/’ 

a Unit cell parameters were obtained by least-squares analysis of the setting angles of 25-30 carefully centered reflections from diverse regions of 
recimocal mace. b Ni filtered Cu Ka ( X  = 1.54 178 A). GraDhite monochromatized Mo Ka (A = 0.710 688 A). 1.0 for the disordered at0ms.e 0.5 
for ;he dis&dered atoms. 

Table 11. Atomic Coordinates (X lW)  for Complex 2 Table III. Atomic Coordinates (X1W) for Complex 4’ 
atom x l a  vlb Z I C  u,, A2 atom x l a  v l b  Z I C  u,. A2 

Ti 
c11 
c12 
C13 
C14 
N1 
c1 
c 2  
c 3  
c 4  
cs 
C6 
c 7  
C8 
c 9  

805.2(6) 
875( 1) 

2197(1) 
1397(1) 
314(1) 

-298(3) 
-707(3) 

-1700(4) 
-2077( 4) 
-1489(4) 
-513(4) 

-97(3) 
-2325 ( 5 )  

959(4) 
534)  

1607.3(12) 

1135(2) 
2637(2) 
3920(2) 

-1 286(2) 

-383(5) 
-1 186(6) 

-855( 7) 
-1632(7) 
-2638(7) 
-2940(7) 
-221 8(6) 

-2570(8) 
231(9) 

282(7) 

994.3(8) 
303(1) 

2290( 1) 

1663(1) 
2797(4) 
3602(4) 
3564(5) 
4380(6) 
5 179(5) 
5194(5) 
4384(4) 
2666(6) 
435 1 (6) 
2162(5) 

-39 1 (1) 

325(3) 
367(4) 
541(6) 
551(6) 
586(6) 
350( 15) 
309(17) 
377(20) 
460(20) 
480(23) 
454(22) 
323(17) 
646(29) 
579(26) 
380(20) 

In the original mechanism proposed by Passerin? the 
acid served to enhance the electrophilicity of the carbonyl, 
so as to facilitate attack by the RNC nucleophile. Con- 
versely, T ic4  can have a deactivating effect on the 
isocyanide by decreasing ita nucleophilicity. This implies 
that when the reaction is carried out by adding the carbonyl 
to the TiC4-RNC adduct, as is often the case, the carbonyl 
must first displace the isocyanide. 

Scheme IV represents what we believe to be the correct 
mechanism for the TiC4-assisted Passerini reaction. The 
initial step is the coordination of R’R”C0, giving the adduct 
A. The subsequent addition of the nucleophilic %arbenen 
RNC across C1 and C, B, is a well-known mode of 

~~ 

Ti 1930.7(6) 481.2(7) 3732.8(6) 536(4) 
C11 3258(1) -523(1) 3402(2) 853(7) 
c12 495(1) -839(1) 2731(2) 857(7) 
C13 1389(2) 1552(2) 1907(2) 1159( 10) 
C14 3044(1) 1845(1) 5082(2) 996(9) 
P1 2368(1) -1362(1) 6304(1) 586(6) 
0 1  2 178(3) -325(3) 5469(3) 614( 15) 
0 2  3305(3) -2165(3) 6284(4) 780(18) 
0 3  2614(3) -1076(3) 7763(4) 856(19) 
N1 218(3) -1776(3) 5775(4) 554(18) 
c 1  4500(5) -1848(7) 6816(8) 1096(35) 

c 3  2532(5) 59(6) 8287(6) 926(33) 
C4A 2616(16) 3(15) 9668(17) 

c 2  5057(6) -2721(9) 6426(10) 1400(53) 

C4B 3271(29) -27(30) 9852(32) 
C4C 2120(19) -116(19) 9388(23) 
c 5  -528(4) -1344(4) 5879(5) 5 5 5 (20) 
C6 1172(4) -2329(4) 5702(5) 613(23) 

The site occupation factors for C4A, C4B, and C4C are 0.5,0.2, and 
0.3, respectively. 

reactivity.17 An alternate possibility is the addition of the 
isocyanide to the activated >C=O bond to form an imino 
oxirane intermediate, subsequently opened by the C1- 
nucleophile. The latter mechanism was proposed for the 
Passerini reaction assisted by BF3.* Both routes lead to 

(17) See for example: Walborsky, H. M.; Periasamy, M. P. In The 
Chemistry of Functional Groups, Supplement C; Patai, S., Rappaport, 
Z., E&.; J. Wiley: New York, 1983; p 835. 
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Table IV. Atomic Coordinates (Xlw) for Complex 5 

Carofiglio et al. 

Table VI. Atomic Coordinates (Xlw) for Complex 1W 
atom x l a  vlb Z I C  u,. A2 atom x l a  y l b  Z I C  u,, A2 

Ti 
c11 
c12 
C13 
C14 
0 1  
0 2  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
c11  
c12  
C13 
C14 

1443.6(8) 
1097(1) 
3824(1) 
-644( 1) 

472(2) 
2527(3) 
1968(3) 
4236(4) 
4486(5) 
5645(5) 
6591(5) 
6377(5) 
5 19 l(4) 
3066(4) 
2430(4) 
2316(4) 
2113(5) 
1926(5) 
1905(5) 
2076(5) 
2286(5) 

-2720.6(8) 
-3074( 1) 
-273 l(2) 
-2098( 1) 
-4970( 1) 
-413(3) 

1779(4) 
2398(5) 
3668(5) 
4317(5) 
3702(5) 
2446(5) 

398(4) 
-332(4) 

460(4) 
-279(5) 

453(5) 
1868(6) 
2584(5) 
1887(5) 

-1677(3) 

-699.8(10) 
-3301 (1) 

-1007(2) 
-1439(2) 

507(2) 

607(3) 
2102(4) 
3292(5) 
2364(5) 
3293(6) 
5136(7) 
6077(6) 
5168(5) 
2259(5) 
3029(5) 
46 14( 5) 
5460(6) 
6915(6) 
7493(6) 
6637(6) 
5205(6) 

418(4) 
584(6) 
674(7) 
591(7) 
634(8) 
469( 17) 
454(16) 
424(21) 
5 1 7 (25) 
598(31) 
640(28) 
582(27) 
482(25) 
397(22) 
398(23) 
420(23) 
507(26) 
601(31) 
611(30) 
590(29) 
489(26) 

Table V. Atomic Coordinates (X104) for Complex 7 
atom x l a  vlb Z I C  u,, A2 
Ti 
c11 
c12 
C13 
C14 
0 1  
0 2  
0 3  
N1 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c 1 0  
c11  
c12  
C13 

2132.2(5) 
1437(1) 
4429(1) 

3334(1) 
2438(2) 
2050(2) 
22 1 O(2) 
2747(2) 
4006(3) 
4096(4) 
5 3 24( 4) 
64 19(4) 
6317(4) 
51 14(3) 
2683 (3) 
2907(3) 
1330(4) 
2819(3) 
2329(3) 
1763(4) 
2060(4) 

-196(1) 

2897.0(5) 
1369(1) 
3237(1) 
3221(1) 
4804(1) 
1991 (2) 
4723(2) 
6847(2) 
4338(2) 
1920(3) 
1604(3) 
1 130(4) 
972(3) 

1293(3) 
1772(3) 
2424(3) 
3886(3) 
2006(4) 
5678(3) 
5712(3) 
7001(3) 
8370(4) 

2391.7(5) 
3737(1) 
3823(1) 
1346(1) 

718(2) 
3642(2) 
3716(3) 
1032(2) 

-1605(1) 

-1 048(3) 
-2565(4) 
-2874(4) 
-1705(5) 
-216(4) 

131(4) 
-667(3) 
-267(3) 

-1939(4) 
1622(3) 
3 102(3) 
5199(4) 
5797(4) 

319(2) 
510(3) 
502(2) 
557(3) 
561(3) 
373(7) 
408(7) 
454(7) 
330(7) 
372(9) 
492(10) 
612( 14) 
583(14) 
520(12) 
447( 10) 
382(9) 
365(9) 
599( 13) 
403(9) 
352(8) 
473(10) 
577(13) 

the transfer of the chlorine atom to the carbon of the 
isocyanide and formation of the same intermediate C, in 
the second step of the reaction. 

The transfer of the chlorine from titanium to carbon 
frees up a coordination site in C which is subsequently 
filled by the nitrogen atom, D, so that the organic fragment 
chelates titanium. In order to isolate D it would be 
desirable to have an organic fragment that could act as a 
tridentate ligand, filling the empty coordination site. This 
could also help to stabilize D by replacing the weakly 
coordinated ligand L. With this in mind, we used 
isocyanides having R substituents containing an oxygen 
donor atom. The reactions were carried out by adding 
either the isocyanide to the TiClrketone adduct or the 
ketone to the TiC4-RNC adduct. The reaction of 
mesitylaldehyde or acetophenone with EtOOCCHzNC in 
the presence of Tic14 gave high yields of 6 and 7 which 
have been isolated in crystalline form. 

Complexes 6 and 7 undergo hydrolysis to the corre- 
sponding a-hydroxy amides, 8 and 9, respectively (see 
Experimental Section). These are the expected interme- 
diates (D) seen in Scheme IV. Their structures have been 
determined by analytical and spectroscopic methods, 
including an X-ray analysis of 7 (Figure 4). We expected 

Ti 
c11 
c12  
C13 
C14A 
C14B 
P i  
0 1  
0 2  
0 3  
0 4  
N1 
CIA 
C2A 
C3A 
C4A 
C5A 
C6A 
C1B 
C2B 
C3B 
C4B 
C5B 
C6B 
C7A 
C7B 
C8 
c 9  
c 1 0  
c11  
C12A 
C12B 
C13 
C14A 
C14B 
CIS 
c 2 s  
c 3 s  
c 4 s  
c 5 s  
C6S 
c 7 s  

2900.5(18) 1633.3(15) 
2006(3 j 
3157(3) 
2391(3) 
5622(30) 
5897(33) 
1765(3) 
4377(6) 
1608(7) 
882( 11) 

1617( 10) 
3843(9) 
6325(13) 
7459( 13) 
8320(13) 
8048( 13) 
6915( 13) 
6053( 13) 
6440( 15) 
7528( 15) 
8509( 15) 
8402( 15) 
7313( 15) 
6332(15) 
5328(25) 
5303(22) 
4869( 11) 
5558( 13) 
3253(11) 
688(19) 

-47 l(25) 
217(81) 
660(25) 
651(56) 

1049(67) 
2530(50) 
3623(14) 
4336( 14) 
538 5 ( 1 4) 
5722(14) 
5009( 14) 
3959( 14) 

1013(3) 
3112(2) 
338(2) 

2109( 32) 
1917(33) 
2870(3) 
1252(6) 
2302(6) 
2628(9) 
3964(8) 
2 153( 7) 
1978( 12) 
1620( 12) 
2 157( 12) 
3052(12) 
3409( 12) 
2872( 12) 
1547( 14) 
1103(14) 
1 5 13 ( 14) 
2367( 14) 
28 1 1 ( 14) 
2401 (14) 
1432(23) 
1109(23) 
1858(9) 
241 (12) 

2727( 10) 
1746( 18) 
1752(28) 
1344(60) 
4474(23) 
4842(45) 
5470(32) 

-634(16) 

177(16) 
269( 16) 

-1 122(44) 

-274( 16) 

-91 (16) 
-543( 16) 

2897.9( 12) 
1626(2) 
2248 (2) 
3765(2) 
5311(25) 
5270(27) 
4311(2) 
2888(5) 
3474(5) 
4949(7) 
4183(8) 
4165(6) 
3272( 10) 
329 1 (10) 
2948( 10) 
25 86( 10) 
2567( 10) 
2910(10) 
3259( 12) 
3422( 12) 
3115(12) 
2646(12) 
2484(12) 
2790(12) 
3569( 18) 
3605( 16) 
4321(7) 
3902(10) 
4801(7) 
5228(15) 
5643(25) 
6065(38) 
3738(20) 
2778(25) 
4079(51) 

82(41) 
18(18) 

752(18) 
633(18) 

-220( 18) 
-954(18) 
-83 5 ( 1 8) 

505(7) 
843(15) 
777(12) 
761(14) 
789(76) 
687(80) 
706( 13) 
567(27) 
626(30) 

1124(56) 
1105(47) 
579(36) 

612(47) 
895(66) 
685(51) 

The site occupation factors are as follows: 0.55 and 0.45 for the A 
and B positions of C14, C 1 4 6 ,  and C7, respectively; 0.6 and 0.4 for the 
A and B positions of C12 and C14 respectively; 0.5 for ClS-C7S. 

the fuc-isomer, since the donor atom on R should replace 
the ligand L in D. However, the mer-isomers of 6 and 7 
were obtained exclusively, even though their formation 
requires a rather complex rearrangement of the coordi- 
nation sphere. The formation of the mer-isomer is dictated 
by the sp2-trigonal hybridization of the imino nitrogen, 
forcing the three donor atoms to be in a plane. 

Following one of the procedures used for 6 and 7 we 
added acetophenone to complex 4, as shown in Scheme 
VI. 

Complex 10 formed in high yield, and an X-ray analysis 
confirmed it to be the mer-isomer (Figure 5) .  Its spec- 
troscopic and chemical properties are very close to those 
of 7. The hydrolysis led to 11. 

In order to provide further evidence for the reaction 
sequence sketched in Schemes IV-VI, we reacted 5 with 
EtOOCCH2NC. In this case the reaction should proceed 
via the external attack of the isocyanide on the ketone 
(Scheme VII). 

Complex 12 was obtained as a yellow crystalline solid 
and was fully characterized including by X-ray analysis 
(Figure 6) which shows that the mer-isomer is again 
exclusively formed. Complex 12 was hydrolized under 
the usual conditions employed in the TiCLassisted 
Passerini reaction, leading to the corresponding a-hydroxy- 
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Passerini Reaction Assisted by Tic14 

Table M. Atomic Coordinates (XlOr) for Complex 12’ 

atom x/a y l b  Z I C  u,, A1 

Organometallics, Vol. 12, No. 7, 1993 2731 

Ti 
CI 1 
c12 
C13 
C14 
0 1  
0 2  
0 3  
0 4  
N1 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c7 
C8 
c 9  
c10  
c11 
c12 
C13 
C14 
c 1 s  
C16 
C17 
C18 
C19 
c 1 s  
CllA 
CllB 
CllC 
Cl2A 
C12B 
Cl2C 

3062.9( 19) 
1983(3) 
1705(3) 
4121(3) 
6387(3) 
4850(7) 
1525(7) 
705(7) 

7722(10) 
4082(8) 
6716(6) 
8248(6) 
88 5 1 (6) 
7922(6) 
6390(6) 
5787(6) 
7904(8) 
7419(8) 
8060(8) 
9186(8) 
9670(8) 
9029(8) 
7309(11) 
6071(9) 
5392(9) 
3 140( 10) 
1706(9) 
-774(11) 

-1898( 12) 
573 l(49) 
6904( 58) 
7360( 14) 
6664( 36) 
4903(24) 
4690(24) 
4021 (37) 

3357.6(17) 
4 168( 3) 
1050(3) 
5569(3) 
1632(3) 
3083(6) 
3288(8) 
2457(7) 
46 17 (8) 
2551(7) 
1638(5) 
16 12( 5 )  
587(5) 

-412(5) 

640(5) 
4952(6) 
4527(6) 
533 l(6) 
6559(6) 
6984(6) 
6180(6) 
4 178( 10) 
2797(8) 
2362(8) 
2250(10) 
2699(9) 
2878(12) 
2055(12) 
7895(44) 
8684(57) 
9393(13) 
9536(32) 
7059(22) 
7115(23) 
7782(34) 

-385(5) 

1549.6(11) 413(6) 
266712) 67 1112) 
12 1 si2 j 

2 4 ~  
1427(2) 

2176(4) 
243(5) 

1493 (6) 
442(5) 

2187(4) 
2294(4) 
2670(4) 
2938(4) 
2831(4) 
2455(4) 
3121(4) 
3849(4) 
4785(4) 

4265(4) 
3329(4) 
2097(6) 
1811(6) 
740(6) 

-1 3 1 3 ( 5 )  

499 3 (4) 

-543(6) 
-512(6) 

-1 3 37 (9) 
-2239( 10) 

5527(28) 
5984(33) 
5414(8) 
5529(21) 
4206( 15) 
4516(14) 
4667(22) 

63i i ioj  
678( 13) 
507(10) 
4 1 O( 24) 
528(28) 
531(27) 
730(35) 
365(28) 
403(30) 
487(38) 
655(47) 
706(55) 
653(53) 
5 27 (42) 
490(36) 
666(49) 
843(59) 
975(64) 
892(61) 
7 14(50) 
471(34) 
35 l(27) 
341(30) 
462(37) 
373(32) 
621(46) 
682(53) 

a The site occupation factors for CIlA, CllC, C12A, and C12C are 
0.25; those for CllB and C12B are 0.5. 

Table VIII. Selected Bond Distances (A) and Angles (deg) 
for Comdex 2’ 

Ti-CI 1 
Ti-CIl’ 
T i 4 2  
Ti-C13 

CM-Ti-C9 
C13-Ti-C9 
CI3-Ti-Cl4 
C12-Ti-C9 
C12-Ti-CI4 
C12-Ti-CI3 
CI 1 ’-Ti49 
Cll’-Ti-C14 
Cll’-Ti-C13 
C1 l’-Ti-C12 

2.485(2) 
2.481(2) 
2.198( 1) 
2.214(2) 

86.0(2) 
170.2(2) 
100.1 (1) 
86.2(2) 

100.5(1) 
100.2( 1) 
80.5(2) 
89.4(1) 
91.8(0) 

162.8(1) 

Ti-Cl4 
Ti-C9 
N l - C l  
N 1 4 9  

Cll-Ti-C9 
CI 1-Ti-CW 
CIl-Ti-Cl3 
C11-Ti-CI2 
C11-Ti-Cll’ 
Ti-CI 1-Ti’ 

N l -C l -C6  
Ti-C9-Nl 

C1-Nl-CB 

2.208(2) 
2.235(6) 
1.408(7) 
1.147(8) 

80.3(2) 
163.0( 1) 
92.3(1) 
88.7(1) 
78.5( 0) 

101.5(1) 
178.3(5) 
117.8(4) 
177.3(5) 

a The prime indicates a transformation of -x, -y, -z. 

@-keto amide, 13, which proves that the Passerini reaction3 
also works well with a-diketones. 

The structures of the intermediates 7, 10, and 12 are 
shown in Figures 4-6, respectively, while relevant struc- 
tural parameters are given in Tables XI-XIII. The 
complexes consist of discrete monomeric molecules con- 
taining a Tic13 unit pseudooctahedrally bonded to an 
approximately planar tridentate ligand. The main features 
common to the three complexes are as follows. 

(i) The tridentate ligands are nearly planar and give 
rise to the mer-isomers. The planarity is imposed by the 
sp2 hybridization state of the nitrogen atom, the double 
bond being localized on Nl-C8 for complexes 7 and 10 
[1.254(3) and 1.247(16) A, respectively] and Nl-Cl5 for 
complex 12 [1.248(11) AI. In the case of complex 12 there 

C4A 

N1 A 

ca3 

Figure 2. ORTEP drawing for complex 4 (30 % probability 
ellipsoids). The prime indicates a transformation of -x ,  -y, 
1 - z. 

Table IX. Selected Bond Distances (A) and Angles (deg) for 
Complex 4. 

Ti-Cl 1 
Ti-CU 
Ti-CD 
Ti-Cl4 
Ti-0 1 
Ti-CS‘ 

01-Ti-CS’ 
ClCTi-CS’ 
CICTi-01 
C13-Ti-C5’ 
C13-Ti-01 
C13-Ti-Cl4 
C12-Ti-CS’ 
C12-Ti-0 1 
C12-Ti-Cl4 
C12-Ti-Cl3 
Cll-Ti-CS’ 
C1 1-Ti-01 
Cll-Ti-CI4 
Cll-Ti-CI3 

2.235(2) 
2.326(2) 
2.216(2) 
2.256(2) 
2.024(4) 
2.269(6) 

82.4(2) 
84.7( 1) 
84.7( 1) 
86.0(2) 

1 68.3( 2) 
93.8(1) 
80.7(2) 
85.3(1) 

163.2( 1) 
93.3( 1) 

174.6(1) 
93.8(1) 
98.8(1) 
97.9(1) 

P1-01 
P1-02 
P1-03 
p1-c6 
N1-C5 
N1-C6 

C l l - T i 4 2  
03-Pl-C6 
02-Pl-C6 
02-P1-03 
Ol-Pl-C6 
01-P1-03 
0 1-P 1-02 
t1-0 1-P 1 
P1-02-C 1 
P1-03-C3 
C5-Nl-C6 
Ti-CS’-N 1’ 
P 1 -C6-N 1 

1.483(4) 
1.546(4) 
1.529(4) 
1.8 16(5) 
1.138(7) 
1.428(7) 

95.3(1) 
107.4(2) 
99.8 (2) 

108.6(2) 
113.0(2) 
11 1.8(2) 
115.4(2) 
152.2(2) 
1 23.3 (4) 
1 25.9(4) 
177.6(5) 
175.4(4) 
108.9(3) 

0 The prime indicates a transformation of -x, -y, 1 - z .  

are two ways for Tic13 to bind to the fragment arising 
from the isocyanide-a-diketone coupling reaction. This 
may result in the formation of either afuc-isomer with the 
two oxygens from the diketone moiety remaining bonded 
to the metal or a mer-isomer where only a single oxygen 
remains bonded, as is the case for complex 12. 

(ii) The near coplanarity of the two metallacycles is 
indicated by the maximum distortions from the mean plane 
running through them: 0.115(3) for C7,0.120(12) for C8, 
0.120 A for C14 in complexes 7, 10, and 12, respectively. 

(iii) The geometry of the coordination polyhedra is quite 
similar in all complexes (Table XI-XI11 for 7,10, and 12, 
respectively), the Ti-C1, Ti-N, and Ti-0 bond distances 
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c 4  
c3 

Carofiglio et 01. 

T i  O2 ce2 m Ctl 

'YJ 
Figure 3. ORTEP drawing for complex 5 (30% probability 
ellipsoids). 

Table X. Selected Bond Distances (A) and Angles (deg) for 
Complex 5 

Ti-CIl 
Ti-CI2 
T i 4 3  

01-Ti-02 
CI4Ti-02 
C14-Ti41 
C13-Ti-02 
C13-Ti-Ol 
C13-Ti-CI4 
Cl2-Ti-02 
Cl2-Ti4 1 
C12-Ti-Cl4 
C12-Ti-Cl3 

2.197(2) Ti4214 
2.28 l(2) Ti-0 1 
2.299(2) Ti-02 

7 1.6( 1) CIl-Ti42 
96.1(1) C11-Ti-Ol 

167.5( 1) C11-Ti-Cl4 
79.6(1) CIl-Ti-C13 
85.1(1) C11-Ti412 
94.7(1) Ti-Ol-C7 
84.1 (1) T i 4 2 4 8  
82.4( 1) 0 1-C7-C8 
94.7(1) 02-C8-C7 

161.9( 1) 

Scheme I11 

2.197(2) 
2.146(3) 
2.186(3) 

162.6( 1) 
91.4(1) 

95.9( 1) 
97.4( 1) 

120.6(3) 
118.9(3) 
111.7(4) 
112.6(4) 

101.1(1) 

hydrolysis 

R 
R' 0 R '  CI 

falling in the usual ranges. The Ti-01 bond distances 
involving the 0- oxygen are much shorter than the Ti-02 
ones [Ti-Ol, 1.779(2), 1.784(8), 1.794(7) for 7,10, and 12, 
respectively]. 

Conclusions 

Our investigation of the mechanism of the TiC4-assisted 
Passerini reaction has allowed us to develop some un- 
derstanding of the role of Lewis acids in promoting organic 
reactions. We can conclude the following. 

(i) A major difference in the use of a metallic acid rather 
than a protic one lies in the assembling properties around 
the metal. The Lewis acid Tic14 acb  as a template agent 

Scheme IV 
,R' 

/ R  / R  R' 
I 

-+ RNH-f-F-OH + 
O R  '1 CI-c L I  

R 
R 

C D 

L = RNC, RR'CO, p-Cl, donor atom on R 

Scheme V 
N,CH,-COOEt 

CI 
I CI 

-L 
+ 

61 

R = H, R = Mes, 6 

R Me, R = Ph, 7 

L = R,R'CO 

or a bridging CI 

hydrolysis / 
OH 

R\ I 

R / C K N H V C o o E  
6 

R = H, R' Mes, a 

R = Me, R' = Ph, 9 

using three coordination sites. This should allow us to 
control and predict the stereochemistry of the reaction. 

(ii) The assembled organic ligand around TiCls contains 
a reactive C-Cl bond which can be used for transferring 
the organic fragment to organic or organometallic sub- 
strates. 

Experimental Section 
General Procedure. All reactions were carried out under an 

atmosphere of purified nitrogen. Solvents were dried and distilled 
before use by standard methods. Infrared spectra were recorded 
with a Perkin-Elmer 883 spectrophotometer; lH NMR spectra 
were measured on a 200-AC Brucker instrument. The synthesis 
of 1 has been carried out as reported.* 

Synthesis of [TiC4(2,6-Me,C1HfiC)]z (2). TiCL (1.45 g, 
7.6 mmol) was added to a CHZC12 solution (100 mL) of 
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Passerini Reaction Assisted by Tic14 

c3 
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c5 

c2 
c9 c4 

C9.l 

@ C13 

Figure 4. ORTEP drawing for complex 7 (30% probability 
ellipsoids). 

Scheme VI 

7- TiCI, + CeN-CHTP(O)(OEt)z 

OEt 

1 
2 
- PhCOMe - 

4 

10 

hydrolysis / 
11 

2,6-Me2CeHJVC (1.0 g, 7.6 mmol). A yellow solid crystallized in 
a few minutes, then the solvent was evaporated to half-volume, 
and the mixture was stored overnight at  -30 OC. The solid was 
filtered off, washed with n-hexane (100 mL), and dried under 

9.1 

U 
c12 

Figure 5. SCHAKAL drawing for complex 10. Disordered 
atoms with highest site occupation factors have been included. 

vacuum (82%). The 1:l adduct forms independently of the Ti: 
RNC ratio used. Anal. Calcd for CgH&LTi: C, 33.56; H, 2.76; 
N, 4.30. Found: C, 33.60; H, 2.83; N, 4.36. 'H NMR (6, CD2Cl2): 
7.25-7.10 (m, 3 H), 2.25 (e, 6 H). IR (cm-9: VCN 2210 (Nujol); 
2200 (CDzCla). VCN for free isocyanide 2123 (Nujol). 

Synthesis of [(TiClr)~(~ct-Ogc(OEt)CH,")~] (3). The 
slow addition of Tic4 (2.0 mL, 3.47 g, 18.3 "01) to a CH2Cl2 
(100 mL) solution of CNCHzCOOEt (2.0 mL, 2.07 g, 18.3 "01) 
gave a yellow solid which was filtered, washed with hexane (20 
mL X 2), and dried under vacuum (5.2 g, 93%). Anal. Calcd for 
C@&N02Ti: C, 19.83; H, 2.33; N, 4.63. Found: C, 20.25; H, 

2 H, Et, J = 6.84 Hz), 1.33 (t, 3 H, Et, J = 6.84 Hz). IR (cm-1) 
(Nujol): V-N 2254 [ V ~ N  for free isocyanide 2165 (Nujol)]. 

Synthesis of [TiClr(CNCHQ(O)(OEt)r)la (4). Tic& (1.18 
g, 6.2 mmol) was added to a CHzCl2 solution (50 mL) of CNCH2P- 
(O)(OEt)2 (l.lOg, 6.2mmol). Adeep yellowsolutionwasobtained, 
which was evaporated to half-volume and stored at -30 "C over 
3 days. A yellow crystalline solid was obtained (83%). Anal. 
Calcd for C&I&4NPOaTi: C, 19.52; H, 3.21; N, 3.77. Found: 
C, 19.64; H, 3.30; N, 3.82. IR (cm-l): vw 2245 (Nujol); V-N for 
free isocyanide 2153 (Nujol). 'H NMR (6, CD2C12): 4.70-4.40 
(m, 6 H), 1.50 (t, 6 H, J = 6.6 Hz). IR (cm-l) (Nujol): V ~ N  2254 
[Y-N for free isocyanide 2165 (Nujol)]. 

Synthesis of ButNC Dimer.'& ButNC (2.0 g, 24.1 mmol) in 
hexane (20 mL) at  0 "C was treated with 48% BFs.OE& in E&O 
(0.5 mL, 3.5 mmol) and stirred for 5 days at  room temperature. 
The solution became gradually purple-red. I t  was poured into 
a saturated solution of NaHCOa and extracted with diethyl ether 
(40 mL). The solvent was distilled off and the dimer distilled 
undervacuum (bp48 "C, 10mmHg) (74% 1. GC-MS mlz 166.15 
(M+). 

Reaction between Tic14 and  BdNC According to Ref- 
erence 7a. ButNC (2.0 mL, 1.47 g, 17.7 mmol) was added to a 
solution of T ic4  (2.0 g, 10.5 "01) in CH2Cl2 (4.0 mL). A very 
exothermic reaction took place, causing the almost complete 
evaporation of the solvent. Thus, 4 mL of CH2Cl2 was added. 
A yellow precipitate was formed which turned dark purple after 

2.69; N, 4.43. 'H NMR (6, CD2C12): 4.64 (8,  2 H, CHa), 4.33 (9, 
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Scheme VI1 

Carofiglio et al. 

F‘ 

5 , 

. /  

dl 

12 

hydroNis / 
Ph, ,OH 

P h , c / C y N H V C m E t  

II 
0 0  

13 

1 day. After the mixture was stirred for 3 days at  20 OC, it was 
filtered and the dark-purple solid was washed with CHzCl2 (3 x 
5mL) anddried (50%). Whenthissolidwaswashedwithhexane 
(3 x 10 mL), it turned yellow and was identified as 1. The mother 
purple solution was hydrolyzed with a saturated solution of 
NaHCO3 and extracted with diethyl ether (10 mL). The organic 
phase was analyzed by GC-MS. It contained mainly the dimer 
of ButNC (see above) together with traces of the trimer and the 
tetramer. 

Synthesis of 5. Addition of Tic& (3.46 g, 18.2 mmol) to a 
toluene solution (100 mL) of dibenzoyl(3.83 g, 18.2 mmol) caused 
immediate precipitation of an orange solid which dissolved on 
heating. From the solution at  room temperature, an orange 
crystalline solid formed, which was filtered off, washed with 
n-hexane, and dried (90%). Anal. Calcd for CldH&402Tk C, 
42.04; H, 2.53. Found: C, 42.44; H, 2.53. 1H NMR (6, CDtC12): 
8.0 (m, 3 H, Ph), 7.62 (m, 6 H, Ph). IR (cm-l): u c - 0  1662 (Nujol). 

Synthesis of 6. Method A. CNCHzCOOEt (2.7 g, 18.3 mmol) 
and Tic& (3.47 g, 18.3 mmol) were mixed at room temperature 
in CHzClz (120 mL). A yellow solution was obtained, from which 
in a few minutes a light yellow solid precipitated. After 15 min. 
MesCHO (2.71 g, 18.3 mmol) was added under stirring and a red 
solution immediately formed. After 6 h the solvent was distilled 
off and the orange solid obtained was carefully washed with 
n-hexane (97 % ). Anal. Calcd for C15Hl&&NOsTi: C, 39.95; H, 
4.25; N, 3.11. Found: C, 40.22; H, 4.51; N, 3.15. 1H NMR (6, 

= 2.9 Hz), 4.76 (9, 2 H, J = 7.2 Hz), 2.44 (8, 6 H), 2.32 (8,  3 H), 
1.48 (t, 3 H, J = 7.2 Hz). IR (cm-l) (Nujol): m-0 992, vo-.o 1671 
(v- in free isocyanide, 1759), V-N 1635. 

Synthesis of 6. Method B. To a toluene (75 mL) suspension 
of 5 (1.55 g, 3.19 mmol) was added CNCHzCOOEt (0.36 g, 3.2 
mmol). In a few minutes a red solution was obtained. The solvent 
was evaporated to dryness and the solid washed with n-hexane 
(90 % ). Comparison of spectral data confirmed that this product 
was the same as the one obtained from method A. 

CD2C12): 7.49 (t, 1 H, J = 2.9 Hz), 7.07 (8,  2 H), 4.89 (d, 2 H, J 

c4 
C1 04 

Figure 6. 

03 > c18 

c19 

SCHAKAL drawing for complex 12. 

Table XI. Selected Bond Distances (A) and Angles (deg) for 
Comdex 7 

Ti-CIl 
T i 4 2  
T i 4 3  
Ti-0 1 
T i 4 2  
Ti-N 1 

02-Ti-Nl 
0 1 -Ti-N 1 
01-Ti-02 
C13-Ti-Nl 
C13-Ti-02 
C13-Ti41 
CI2-Ti-N 1 
C12-Ti-02 
CI2-Ti4 1 
C12-Ti-CI3 
C11 -Ti-N 1 
CIl-Ti-02 

2.258( 1) 
2.31 l(1) 
2.340(1 j 
1.779(2) 
2.13 l(2) 
2.174(2) 

73.3(1) 
75.6( 1) 

148.9( 1) 
85.8(1) 
80.0(1) 
96.7(1) 
87.6(1) 
81.5(1) 
98.4(1) 

161.4(1) 
178.1(1) 
107.8(1) 

0 1 x 7  
0 2 x 1 1  
N 1 4 8  
N I X 1 0  
C7-C8 
C l o - c l l  

C11 -Ti-0 1 
C11-Ti-C13 
C11-Ti-CIZ 
Ti-Ol-C7 
Ti-02-C 1 1 
Ti-N 1-C 10 
Ti-Nl-CI 
C8-N 1 4 1 0  
0 1 -C7-C8 
Nl-C8-C7 
Nl-ClO-Cll  
0 2 - C l  1-ClO 

1.430(4) 
1.232(4) 
1.254(3) 
1.44 1 (4) 
1.528(4) 
1.499(4) 
103.2(1) 
92.q 1) 
94.1(1) 

129.1(2) 
119.8(2) 
118.9(2) 
114.2(2) 
126.6(2) 
103 S(2) 
116.8(2) 
l06.0(2) 
12 1.8 (3) 

Hydrolysis of 6, Synthesis of rac-N-[ hydroxy(2,3,6-tri- 
methylphenyl)acetyl]glycine Ethyl Ester, 8. In a flask 
containing CH2Cl2 (50 mL) and H2O (50 mL), 6 (1.49 g) was 
introduced and the mixture stirred for 20 min. The organic layer 
was separated and the aqueous layer extracted with CH2Cl2 (2 
X 50 mL). The two organic portions were combined, washed 
with a saturated solution of NaHCOs (50 mL) and NaCl(50 mL), 
dried, and concentrated under reduced pressure to give a yellow 
oil which was purified by flash chromatography (EhO:hexane, 
41) (633 mg). 1H NMR (6, CD2C12): 6.87 (8,  2 H), 6.40-6.30 (br, 
1 H), 5.49 (8, 1 H), 4.17 (9, 2 H, J = 7.2 Hz), 4.02 (d, 2 H, J = 
5.6 Hz), 2.36 (8, 6 H), 2.28 (8, 3 H), 1.29 (t, 3 H, J 7.2 Hz). IR 
(cm-l) (CHCla): v c - 0  1747, 1679. 

Synthesis of 7. Acetophenone (0.45 mL, 0.46 g, 3.9 mmol) 
was added to a toluene (50 mL) suspension of 4 (1.17 g, 1.93 
mmol). The resulting deep yellow solution gave on standing a 
light yellow crystalline solid. Suitable crystals for X-ray analysis 
were obtained by crystallization from hot toluene. The synthesis 
of 9 can be carried out equally well by adding the isocyanide to 
a CHzClz solution containing Tic& and acetophenone. Anal. 
Calcd for ClaHl&4NOsTi: C, 36.92; H, 3.57; N, 3.31. Found: 
C, 37.16; H, 3.59; N, 3.34. 1H NMR (6, CD2C12): 7.80 (m, 2 H, 
Ph), 7.45 (m, 3 H, Ph), 4.77 (s, 2 H, CH2), 4.73 (9, 2 H, Et, J = 
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Passerini Reaction Assisted by Tic& 

for Complex 10 
Ti-CIl 2.247(4) Pl-ClO 1.794(12) 
T i 4 2  2.338(3) 01-C7A 1.433(27) 
Ti-Cl3 2.360(3) 01-C7B 1.441 (24) 
T i 4  1 1.784(8) N 1 4 8  1.247(16) 
T i 4 2  2.040( 9) Nl-ClO 1.481( 16) 
Ti-N 1 2.211(9) C7A-C8 1.440(32) 
P1-02 1.490(8) C7B-C8 1.63 l(31) 

02-Ti-N 1 77.6(3) CIl-Ti-CI2 93.2( 1) 
0 1-Ti-N 1 74.7(4) 02-Pl-ClO 107.7(6) 
01-Ti-02 152.3(3) Ti-Ol-C7B 131.0( 11) 
CU-Ti-N 1 84.5(2) Ti-Ol-C7A 126.0( 12) 
C13-Ti-02 83.1(2) Ti-02-PI 126.1 (5) 
C13-Ti-01 94.1(3) Ti-N 1-C 10 1 2 1.8 (7) 
Cl2-Ti-N 1 89.7(3) Ti-Nl-CI 114.2(8) 
C12-Ti-02 84.4(3) C8-Nl-ClO 123.8(10) 
C12-Ti-0 1 95.6(3) 01-C7A-C8 108.7(19) 
C12-Ti-Cl3 167.1(1) 01-C7B-C8 98.7(15) 
CI1-Ti-Nl 176.2(3) Nl-C8-C7B 116.6(13) 
CIl-Ti-02 105.2(3) Nl-C8-C7A 114.7(15) 
Cll-Ti-0 1 102.5(3) Pl-ClO-Nl 106.4(8) 
CI 1-Ti-Cl3 93.2(1) 

Table XU. Selected Bond Distnnces (A) and Angles (deg) 

Table XIII. Selected Bond Distances (A) and Angles (deg) 
for Complex 12 

Ti-CI 1 2.249(4) 014214 1.418(12) 
Ti-CI2 2.322(4) 02-C 1 7 1.230(12) 
T i 4 3  2.316(4) N1-CIS 1.247(11) 
T i 4  1 1.794(6) Nl-Cl6 1.464( 10) 
T i 4 2  2.096(7) C14-Cl5 1.5 18( 12) 
Ti-N 1 2.175(8) Cla-cl? 1.479(14) 

02-Ti-N 1 73.7(3) C11-Ti41 105.0(2) 
01-Ti-N1 75.4(3) CIl-Ti-Cl3 94.9(2) 
01-Ti-02 149.1(3) CI 1-Ti-CI2 93.9(2) 
CU-Ti-N1 8 5.8( 2) Ti-0 1 -C 14 127.3(5) 
C13-Ti-02 82.9(2) Ti-02-Cl7 120.6(6) 
C13-Ti-01 94.2( 3) Ti-N 1-C 16 116.7(6) 
CI2-Ti-N 1 85.4(2) Ti-Nl-Cl5 115.0(6) 
C12-Ti-02 82.3(2) C15-N 1-C 16 128.2(8) 
CI2-Ti41 96.0(2) Ol-Cl4-Cl5 105.2(7) 
C12-Ti-CI3 164.4(1) Nl-Cl5-Cl4 115.4(8) 
C11-Ti-N 1 179.3(3) Nl-Cl6-Cl7 106.8 (7) 
C11-Ti-02 105.9(2) 02-Cl7-Cl6 121.1(8) 

8.0 Hz), 2.24 (a, 3 H, Me), 1.51 (t, 3 H, Et, J = 8.0 Hz). IR (cm-l) 
(Nujol): m 4  940, v- 1655 (free isocyanide, 17591, VC-N 1654. 

Hydrolysis of 7, Synthes is  of rac-N-(2-hydroxy-2- 
phenylpropiony1)glycine Ethyl Ester, 9.3b In a flask con- 
taining CHzCl2 (50 mL) and H2O (50 mL), 7 (1.69 g) was 
hydrolyzed under stirring. The organic layer was separated and 
the aqueous layer extracted with CH2Cl2 (2 X 30 mL). The two 
organic portions were combined, washed with saturated solutions 
of NaHC03 and NaC1, dried over anhydrous NazSO4, and 
concentrated under reduced pressure to give an orange oil which 
was purified by flash chromatography (EhOhexane, 7:3) to afford 
a white solid (67%) recrystallized from EhO/hexane. lH NMR 
(6, CD2C12): 7.62-7.60 (m, 2 H), 7.40-7.30 (m, 3 H), 7.12 (br, 1 
H), 4.23 (9, 2 H, J = 7.2 Hz), 4.00 (dd, 2 H, J = 5.4 Hz, J = 2.8 
Hz), 3.30 (br, 1 H), 1.85 (a, 3 H), 1.29 (t, 3 H, J = 7.2 Hz). IR 
(cm-1): v- 1729, 1655. Mp: 86 OC. 

Synthesis of 10. Tic& (1.17 g, 6.24 mmol) was added to a 
toluene solution (100 mL) of CNCH2P(O)(OEt)2 (1.1 g, 6.24 
mmol), resulting in a yellow oil. After 5 min, acetophenone (0.75 
g, 6.24 mmol) was added dropwise with stirring. The oil slowly 
disappeared, and a light yellow microcrystalline solid precipitated, 
which redissolved by gently heating. After standing, a yellow 
crystalline solid formed (76%). Anal. Calcd for ClrHmCb- 
NPTi: C, 34.50; H, 4.10; N, 2.86. Found C, 34.70; H, 4.28; N, 
2.82. 1H NMR (6, CD2C12): 7.86-7.84 (m, 2 H), 7.47-7.41 (m, 3 
H), 4.62-4.51 (m, 4 H), 4.23 (dd, 2 H, J = 2.0 Hz, J = 12.2 Hz), 
2.23 (a, 3 H), 1.52-1.43 (m, 6 H). IR (cm-l) (Nujol): VC-N 1651. 

Hydrolysis of 10, Synthesis of rac-N-[ [ (2-hydroxy-2- 
phenylpropionyl)amino]methyl]phosphonic Acid Diethyl 
Estery 11. Into a flask containing CHzCl2 (50 mL) and H2O (50 
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mL) was introduced 10 (1.10 g), and the mixture was stirred for 
30 min. The organic layer was separated and the aqueous layer 
extracted with CHzCl2 (2 X 30 mL). The two organic portions 
were combined, washed with saturated solutions of NaHC08 and 
NaC1, dried, and concentrated under reduced pressure to give a 
pale yellow oil which was purified by flash chromatography (CH2- 
C12:CHsOH, 91)  (56%). lH NMR (6, CD2C12): 7.70-7.50 (m, 2 
H), 7.40-7.20 (m, 3 H), 4.10-3.30 (m, 7 H), 1.81 (s,3 H), 1.19 (t, 
3 H, J = 7.2 Hz), 1.08 (t, 3 H, J = 7.2 Hz). IR (cm-l) (CHCls): 

Synthesis of 12. To a toluene solution (300 mL) of 7 (2.30 
g, 5.75 mmol) was added CNCHzCOOEt (0.65 g, 5.75 mmol). A 
yellow solution was obtained which was kept at  room temperature. 
A yellow crystalline solid formed, which was filtered off, washed 
with n-hexane, and dried (83%). Crystals suitable for X-ray 
analysis were obtained by recrystallization from CH2C12. Anal. 
Calcd for C~~HI.IC~O~T~.(C.IHS)~.~: C, 48.33; H, 3.79; N, 2.51. 
Found: C, 48.33; H, 3.80; N, 2.33. lH NMR (6, CD2C12): 7.87- 
7.39 (m, 10 H), 4.87 (d, 2 H, J = 2.1 Hz), 4.76 (9, 2 H, J = 7.2 
Hz), 1.51 (t, 3 H, J = 7.2 Hz). IR (cm-l) (Nujol): ~4 965; v- 

Hydrolysis of 12, Synthesis of rac-N-(2-hydroxy-3-0~0- 
2,3-diphenylpropionyl)glycine Ethyl Estery 13. Into a flask 
containing CHzCl2 (50 mL) and H2O (50 mL) was introduced 12 
(1.47 g), and the mixture was stirred at  room temperature for 30 
min. The organic layer was separated and the aqueous layer 
extracted with CH2Cl2 (2 X 20 mL). The two organic portions 
were combined, washed with saturated solutions of NaHCOa and 
NaC1, dried, and concentrated under reduced pressure to give a 
white oil which was purified by flash chromatography (hexane: 
EhO, 3:7) to afford a white solid (56 % ) recrystallized from hexane: 
EhO. 1H NMR (6, CD2C12): 7.86-8.02 (m, 2 H), 7.70-7.85 (br, 
1 H), 7.34-7.51 (m, 8 H), 5.92 (a, 1 H), 4.25 (9, 2 H, J = 7.2 Hz), 
4.12 (AM part of AMX, J = 5.4 Hz, J = 8.4 Hz), 1.28 (t, 3 H, J 
= 7.2 Hz). IR (cm-l): v w  1750, 1699, 1658. 

X-ray Crystallography. The crystals selected for study were 
mounted in glass capillaries and sealed under nitrogen. Crystal 
data and details associated with data collection are given in Table 
I. The reduced cells quoted were obtained using TRACER.l8 
Data were collected at  room temperature (295 K) on a single- 
crystal four circle diffractometer. For intensities and background, 
individual reflection profiles were analyzed.l9 The structure 
amplitudes were obtained after the usual Lorentz and polarization 
corrections,20and the absolute scale was established by the Wilson 
method.21 The crystal quality was tested by 4 scans, showing 
that crystal absorption effects could not be neglected for 
complexes 4 and 5. Data for complexes 2 and 7 were corrected 
for absorption using ABSORB22 and, for complexes 10 and 12, 
using a semiempirical method.= The function minimized during 
the full-matrix least-squares refinement was EwlAFl2. Weights 
were applied according to the scheme w = k/[a2(Fo) + kP0)21. 
Scattering factors for neutral atoms were taken from ref 24a for 
non-hydrogen atoms and from ref 25 for H. Anomalous scattering 
corrections were included in all structure factor calculations.24b 
Among the low-angle reflections no correction for secondary 
extinction was deemed necessary. 

Solution and refinement were based on the observed reflections. 
The structures were solved by the heavy-atom method starting 

(18) Lawton, S. L.; Jacobson, R. A. TRACER, a cell reduction program. 
Amea Laboratory, Iowa State University of Science and Technology, 1965. 

(19) Lehmann, M. S.; Larsen, F. K. Acta Crystallogr., Sect. A: Cryst. 
Phys. Diffr. Theor. Gen. Crystallogr. 1974, A30, 580-584. 

(20) Data reduction, structure solution, and refinement were carried 
out on a GOULD 32/77 computer using: Sheldrick, G. SHELX-76. System 
of Crystallographic Computer Programs; University of Cambridge: 
Cambridge, England, 1976. 

(21) Wilson, A. J. C. Nature 1942, 150, 151. 
(22) North, A. C. T.; Phillips, D. C.; Mathews, F. S. Acta Crystallogr., 

Sect. A: Cryst. Phys. Diffr. Theor. Gen. Crystallogr. 1968, A24, 351. 
(23) Ugozzoli, F. ABSORB. A program for F, absorption correction. 

Comput. Chem. 1987,11,109. 
(24) International Tables for X-ray Crystallography, Kynoch Press; 

Birmingham, England, 1974; Vol. IV, (a) p 99, (b) p 149. 
(25) Stewart, R. F.; Davidaon, E. R.; Simpson, W. T. J. Chem. Phys. 

1965,42,3175. 

v w  1679. 

1823,1695; V-N 1671. 
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from a three-dimensional Patterson map. Refinement was fiit 
done isotropically and then anisotropically for all the non-H atoms 
exceptingthose affected by disorder. The s t s u c t u m  of complexes 
2,4, and 5 were refiied straightforwardly. For 4 a methyl carbon 
(C4) was found to be disordered over three positions (A, B, C) 
and was isotropically refined with the site occupation factors 
given in Table 111. Some troubles were encountered in the 
refinement of complex 10 owing to the severe disorder affecting 
both the complex molecule and the toluene solvent molecule of 
crystallization which was found to be disordered about a center 
of symmetry. The disorder involving the complex was solved by 
considering the C7 carbon atom, the Ph ring, and the C14 chlorine 
atom as statistically distributed over two positions (A and B) 
symmetrically displaced with respect to the C&Nl,Til,Ol 
chelation plane. The C12 and C14 methyl carbons were also 
split in two positions (A and B). Refinement was then carried 
out anisotropically only for the Ti, C1, P, 0, and N atoms and 
for the C8, C9, and C10 carbon atoms. The remaining ones were 
refined isotropically with the site occupation factors given in 
Table VI. The final difference map showed no unusual feature 
with a residual peak of 1.0 e A" close to the disordered C14 chlorine 
atom. 
In complex 12 refinement was performed anisotropically except 

for the CHzClz solvent molecule which was found to be completely 
spread around a central atom called C1S. The six most intense 
peaks around C1S on a difference map were interpreted as 
"partial" chlorine atoms and isotropically refined with the site 
occupation factors reported in Table VII. The final difference 
map showed no unusual feature with no significant peak above 

Carofiglio et al. 

the general background. During the refinement of complexes 10 
and 12 the phenyl rings were constrained to be regular hexagons 
(C-C = 1.395 A). 

All the hydrogen a tom but thoee associated with the dieordered 
atoms were introduced in calculations as fixed contributors with 
isotropic Us fixed at  0.08 Aa (0.09 A2 for complex 10). Hydrogen 
a t o m  were located from difference maps for complexes 2,4,5, 
and 7 and put in geometrically calculated positions for complexes 
10 and 12. 

Final atomic coordinates are listed in Tables 11-VI1 for non-H 
atoms and in Tables SI-SVI (supplementary material) for 
hydrogem Thermal parameters are given in Tables SVII-SXII; 
selected bond distances and angles, in Tables VIII-XIIL" 
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