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Nitrosyl tetrafluoroborate dissolved in acetonitrile reacts with metallic palladium to form [Pd(CH3CN)4](BF4)2, which 
functions as a convenient precursor to other cationic palladium(I1) complexes. Cationic Pd(I1) complexes of the type 
[PdLdIXz along with neutral [PdL~Clzl complexes, where L is CHaCN, DMSO, DMF, DMA, NMF, or NMA and X is the 
noncoordinating perchlorate or tetrafluoroborate, have been prepared and partially characterized. All complexes were 
found t o  be diamagnetic with the metal ion contributing a small paramagnetism. Infrared spectra (4000-270 em-1) were 
recorded and assignments for the main absorption bands were used to determine the ligand donor sites and to comment 
on the relative acceptor ability of palladium(I1). The complex Pd(DMS0)42+ has the novel feature of containing both 
sulfur- and oxygen-bonded dimethyl sulfoxide. The ir spectra are most consistent with two sulfur and two oxygen co- 
ordination sites in a cis configuration. The solid sulfur-bonded complex trans-Pd(DMS0)2C12 is found to convert to the cis 
complex in acetonitrile solution. 

Introduction 

Several characteristics of palladium(I1) chemistry 
which have promoted recent interest are. (1) formation 
of square-planar complexes and (2) bonding properties 
intermediate between the first transistion series and the 
heavy metals. Palladium(I1) complexes have played 
an important role in recent experimental and theoretical 
attempts to characterize the electronic structure of 
square-planar complexes. 3 , 4  Also, investigations of lig- 
and isomerization and related phenomena have centered 
around Pd(I1) owing to its intermediate bonding prop- 
ertiese5sG For example, several palladium(I1) thiocyan- 
ate complexes contain one sulfur- and one nitrogen- 
bonded thiocyanate. 

Previous studies of Pd(I1) complexes have been 
largely restricted to anionic and neutral complexes 
owing to the absence of convenient methods for obtain- 
ing the cationic complexes. This paper in part reports 
on the preparation and partial characterization of 
cationic Pd(I1) complexes with some common mono- 
dentate donors. The complex Pd(DMS0)42+ is par- 
ticularly interesting, for it is the first example of a com- 
plex containing both sulfur- and oxygen-coordinated 
dimethyl sulfoxide. 

Experimental Section 

Materials.-Palladium chloride was obtained from Englehard 
Industries, Inc., while sponge palladium and nitrosyl tetrafluoro- 
borate (vacuum sublimed before use) were purchased from 

(1) T o  whom correspondence should be directed. 
(2) University of Pennsylvania, ARPA Predoctoral Fellow, 1967-1968. 
(3) H. B. Gray, Transition Metal Chem., 1, 239 (1965). 
(4) W. R. Mason, 111, and H. B. Gray, J .  Am. Chem. Soc., 90, 5721 (1968). 
(5) J. L. Burmeister and F. Basolo, Inorg. Chem., 3, 1587 (1964). 
(6) F. Basolo, W. H. Baddley, and J. L. Burmeister, ibid., 3, 1202 (1964). 
(7) P. Nicpon and D. W. Meek, ibid., 6, 145 (1967). 
(8) I. Bertini and A. Sabatini, ibid., 5, 1025 (1965). 

K & K Laboratories. N,N-Dimethylacetamide (DMA), N,N- 
dimethylformamide (DMF), N-methylacetamide (NMA), N- 
methylformamide (NMF) , dimethyl sulfoxide (DMSO), and 
acetonitrile (CHSCN) were all obtained from Fisher Scientific 
Co. They were used without further purification in the prepara- 
tion of the complexes. All weighings and transfers of materials 
were carried out in an inert-atmosphere box. 

Analyses.-C, HI  N, and 0 analyses were performed by 
Galbraith Laboratories, Inc. Palladium was determined gravi- 
metrically with dimethylg1yoxime.Q 

Magnetic Data.-Magnetic susceptibilities were measured a t  
24 f I" by the Gouy method,'O using solid Hg[Co(NCS)4] as the 
calibrant. The estimated error in x m  is k 15 cgs units. 

Preparation of Palladium Complexes. [Pd(CHgCN)+](BF4)2.- 
Sponge palladium (0.4518 g) was added to a solution of nitrosyl 
tetrafluoroborate (1.0620 g) in acetonitrile (50 rnl).l1 The result- 
ing mixture was immediately evacuated to remove air oxygen. 
Periodically, vacuum was applied to remove nitric oxide given 
off during the reaction. After 9 hr, the mixture was filtered, 
yielding a yellow solution from which a yellow complex was 
obtained by slow addition of anhydrous ether. The complex was 
dried in vacuo for 5 hr. 

[PdL4](BF4)2.-Cationic palladium(I1) tetrafluoroborate com- 
plexes with DMSO, DMSO-&, NMF, and NMA were prepared 
by dissolving [ P ~ ( C H ~ C N ) ~ ~ ( B F ~ ) Z  in the respective ligand, 
precipitating the complex with ether, and then recrystallizing 
from the ligand three times. The complexes were dried zn vucuo 
for 5 hr. The absence of acetonitrile in these complexes was 
demonstrated by the ir spectra. 

[PdLd] (ClO4)~.-Cationic palladium(I1) perchlor ate complexes 
with DMSO, DMF, and DMA were prepared by dissolving 
PdC12 in the respective ligand and adding stoichiometric amounts 
of anhydrous silver perchlorate to the resultant solution. Silver 
chloride was filtered and the D M F  and DMA complexes were 
precipitated by the addition of anhydrous ether, while the 
DMSO complex was precipitated by chloroform. The complexes 
were dried in vacuo for 5 hr. Attempts to prepare the N M F  and 
CH&N complexes by this procedure resulted in decomposition 
to  metallic palladium. 

(9) A. I. Vogel, "A Textbook of Quantitative Inorganic Analysis," 3rd ed, 
Longmans, Green and Co., London, 1961, p 512. 

(10) B. N. Figgis and J. Lewis, "Modern Coordination Chemistry," J. Lewis 
and L. Wilkins, Ed., Interscience Piiblishers, Inc., New York, N. Y., 1960. 

(11) R. F. Schramm and B. R. Wayland, Chem. Commun., 15, 898 (1968). 
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PdLzClz.-The neutral complexes PdLzClz were all prepared 
by dissolving PdClz in the respective ligand, filtering off any un- 
dissolved PdC12, and then adding ether to precipitate the com- 
plexes. 

Infrared Spectra.-Infrared spectra for the range 4000-600 
cm-1 were recorded as Kujol mulls between NaCl plates unless 
otherwise specified. Far-ir spectra (620-270 cm-l) were recorded 
as Nujol mulls between polyethylene disks. All spectra (cm-’) 
were recorded on the Perkin-Elmer 421. The 350-cm-’ region 
was calibrated by use of water vapor.lz 
[Pd(CH3CN)4](BF4)2.-CHaCN peaks: 3323 (vw), 3010 (sh), 

2347 (ms), 2318 (w), 1360 (w, ehj, 1024 (ms), 960 (mw); BF4- 
peaks: 1281 (mw), 1055 (vsj, 760 (vw), 517 (ms); others: 
442 (mj, 420 (m), 365 (w), 350 (sh). Fluorolube: 3015 (m), 
2949 (ms), 1416 (mw), 1360 (mw). 

3291 (w), 2332 (m), 2303 
(mw), 1406 (w), 1353 (mw), 1021 (m),  951 (w);  others: 443 
(mw), 407 (w), 359 {ms), 327 (sh). Fluorolube: 2985 (mw), 
2923 (m), 1403 (w),  1353 (mw). 

[Pd(DMSO)4](C104)2.-Di\IS0 peaks: 3023 (shj, 3013 (m), 
1434 (sh), 1413 (wj, 1404 (shj, 1319 (mw), 1302 (vw), 1150 (ms), 
1140 (ms, sh) 1030 (m), 1021 (sh), 981 (ms), 948 (w), 920 (s), 
905 (s), 732 (mw), 682 (mw), 376 (sh), 363 (msj, 352 (sh), 333 (w); 
C104- peaks: 2018 (w), 1091 (vsj, 621 (ms), 450 (sh); others: 
2723 (vw), 757 (shj, 705 (vw) 493 (ms), 437 (ms), 419 (ms), 
395 (sh). 

[Pd(DMSO),](BF,)z.-The spectrum is very similar to that 
of the perchlorate complex except for the anion frequencies; 
BF4- peaks: 1284 (w), 1090 (shj, 1055 (vs), 765 (w),  517 (m). 

[Pd(DMSO-de)4](BF4)2.-DhISO-d+j peaks: 2276 (sh), 2268 
(m), 2261 (m),  2254 (shj, 2129 (mw), 2124 (sh), 1146 (vs), 1141 
(sh), 1036 (shj, 1024 (s), 1004 ($ j ,  935 (shj, 916 (s, shj, 904 (s), 
841 (ms), 835 (sh), 8% (ms), 781 (m), ( ~ 7 2 0  (w),  647 (w) ,  631 
(mw), 345 (ms), ~ 3 3 7  (sh), 305 (mwj, 302 (shj, 287 (sh), 277 
(vw); BF4- peaks: 1283 (mTv), 1096 (sh), 1062 (vs), 766 (vw), 
318 (ms);  others: 468 ( 5 ) )  403 (shj, 394 (ms). 

[Pd(DMF),](C104)2.-UnlF peaks: 3063 (sh), ~ 2 0 0 5  (a), 
1646 (s), 1487 (w), ~ 1 4 4 8  (sh), 1432 (shj, 1422 (sh), 1406 (sh), 
1385 ish), 1360 (ms), 1343 (ms), 1244 (m), 1123 (shj, 1003 (shj, 
859 (vw), ~ 7 2 0  (ms), 664 (mw), 419 (sh), 415 (sh), ~ 3 5 6  (sh); 
Clod- peaks: 1086 (s), 931 (sh), 621 (ms); others: 2722 (vw), 
463 (ms), 400 (s), 394 (sh). Fluorolube: 1358 (ms), 1341 (msj. 

Pd(DMF)2C12.-DRIF peaks: 3010 (shj, 2026 (vw), 1629 
(vs), 1487 (w)) 1434 (s), 1420 (sh), 1400 (sh), 1239 (m), 1149 
(vw), 1113 (ms), 1016 (mw), 1051 (mw), 856 (vw.), 700 (s), 422 
(sh), 342 (sh), 325 (shj; others: 2728 (vw), 429 (ma), 385 (ms), 
374 (sh), 347 (ms), 297 (sh). 

1599 (s), 1486 (mm-), 1418 
(w),  1400 (m)> 12j6 (mj, 1196 (vw), 1141 (sh), 1024 (IT), 966 
(mwj, 730 (In), 663 (w), 387 (mm-), 500 (m);  C104- peaks: 
( ~ 2 0 1 4  (w),  108Y i s ) ,  92.7 (vu-), 620 ( n u ;  others: 2723 (vn), 
4 j 8  (m),  391 (w). 

1588 (s), 1499 (sh) 1488 (mw), 
1429 (mw), 1308 (mj,  1256 (mw), 1194 (vw), 1052 (shj, 1024 
(mw), 968 (wj, 751 (mw), 666 (w), 5188 (w), 498 (m); others: 
450 (m), 350 (ms), 334 (w, sh). 

[Pd(NMF)4](BF4)2.-wi\IF peaks: 3380 (vs, brj, 3060 (sh), 
3033 (sh), 1629 (vs, br) ,  1540 (sh)> 1330 (mj, 1520 (sh), 1416 (m), 
1330 (s), 1260 (mwj, 1248 (mw), 1156 (m), 9,55 (T), 812 (m), 
803 (sh), ~ 7 1 8  (m),  671 ikh), 389 (ms), 373 (sh), 335 (vu,), 298 
(vwj; BF4- peaks: 1287 (IT), 1058 (vs, vbr), 763 (w), 519 (m) ;  
others: 479 (m), 466 (ms).  

[Pd(NMA)4](BFd)z.-Ni\IA peaks: 3370 (s, br), 3262 (sh), 
3119 imw), 2977 (sh), 2941 (mw),  2889 (sh), 2815 (sh), ~ 1 6 0 5  
(s, br), ( ~ 1 5 4 7  (s), 1428 (m), 1399 (m), 1374 (m), 1347 (sh), 1318 
(w), 1155 (m), 1018 ( Y ) ,  904 (wj, 860 (w), 709 (sh), 661 (m), 622 
(vx-), 587 (m), 438 (E), 404 (m) ;  BF4-peaks: 1282 (IT), ~ 1 0 6 5  
(s, br), 762 (w), 51.5 (m) ;  others: 476 (m),  ~ 3 7 8  (shj, 354 (vw). 
(Complex was run as a smear.) 

The complexes were dried in uucuo for 5 hr. 

Pd(CH3CN)2C12.-CH8CN peaks: 

Fluorolube: 1371 (sh), 1361 (s) .  
[Pd(DMA)4](C104)2,-DnIA peaks: 

Pd(DMA)2Cl~.-U1\14 peaks: 

(12) T. Shinianouchi, T. Kyogoku, and T. l l igazali i ,  .Spectrociiarii. d c t a ,  19, 
451 (1963). 

Pd(NMA)zClz.-The infrared spectrum (4000-600 cm-l) is in 
reasonable agreement with that reported by Pivcova and Schnei- 
der.I3 Far-ir spectrum (cm-l): 576 (s), 481(m), 400 (m) ,  346 
(s), 330 (sh). 

Results 

The  complexes [PdL4]X, and PdL2C12, where L is 
DMSO, CHBCN, DMF,  KMF,  DMA, or SMh and X 
is perchlorate or tetrafluoroborate, have been prepared. 
Ionic perchlorate or tetrafluoroborate anions are assign- 
ed for all of the cationic complexes on the basis of ir 
spectra (see Experimental Section), which contain only 
single bands for the asymmetric stretch ( 1 3 ,  T2) and 
deformation mode ( ~ 4 ,  T2) along with a weak symmetric 
stretching vibration ( u l ,  Al).I4 

All of the Pd(I1) complexes measured were found to 
be diamagnetic (Table I) and thus consistent with a 
roughly planar array of donor atoms about Pd(I1). 

Only one Pd-C1 stretching frequency was resolved 
in the PdL2C12 complexes, suggesting a frans structure 
for the solid chloride complexesls (Table 11). Infrared 
spectral frequencies which have been utilized in defining 
the coordination sites and in comparing the acceptor 
properties of Pd(I1) with those of other divalent metal 
ions are found in Tables 111-T-. 

Discussion 

Dimethyl Sulfoxide Complexes.-Infrared spectral 
studies of DhISO complexes have proven useful in dis- 
tinguishing hetween coordination through the oxygen 
or sulfur donor The X-ray structure deter- 
m i n a t i o n  of t r a n s - P d ( D M S 0 )  2C1218 a n d  cis- 
Pd(D1ISO) ,(KO,) have demonstrated that Dl\‘lSO 
coordinates through the sulfur atom. The bands a t  
lllG cm-’ in the chloride complex and at 1137 and 
1136 cm-I in the nitrate complex Ti-ere assigned to u S 0  

(sulfur bonded) .”~’~  Examination of the ir spectra for 
the Pd(DnlS0)  42+complexes20 (Table I )  reveals strong 
bands a t  l ld0 and 1140 cm-’ n-hich are only slightly 
shifted by deuteration that can be attributed to u s 0  

and demonstrate the presence of sulfur-coordinated 
DMSO (Figure 1, Table 111). 

Coordination of DMSO through the sulfoxide oxygen 
is characterized by a shift of u s 0  to lower energy (Table 
111) ( e . g . ,  for[Fe(DnlSO) 4C12][FeC14],21 us0 (oxygenbond- 
ed = 933 cm-l).” Inspection of the Pd(D1\ISO)42+ 
spectra in the 900-1000-cm-1 region reveals several 
bands that might correspond to u s 0  for oxygen-bonded 
DMSO; honever, the assignment of u s 0  in this spectral 
region is complicated by the presence of methyl rocking 

(13) H. Pivcova and B. Schneider, Collection Czech. Commun.,30,2046 (1966). 
(14) D. H. Brown, R. H. Kuttall, J. .\IcAvoy, and Jl. W. A .  Sharp. J .  Chrnz. 

(16) R.  A.  Walton, Spectrochim. Acta, 21, 1795 (1965). 
(16) F. A. Cotton and R. Francis, J .  -4m. Chem. Sor., 82, 2986 (1960). 
(17) F. A.  Cotton, R. Francib, and W. D. Horrocks, Jr . ,  J .  Piius. Chem., 

64, 1534 (1960). 
(18) F. A .  Cotton, hI. J. Bennett. R .  J. Williams, D. L. Wearer. and Vi, H. 

\Tatson, Acla Crust.,  23, 788 (1967). 
(19) D. A. Langs, C .  R. Hare, and R. G. Little, C h e m .  Commun.. 21, 1080 

(1967). 
(20) B. B. Wayland and R.  F. Schramni, ih id . ,  23, 1465 (1968). 
(21) F. A.  Cotton, D. L.Weaver, and h l .  J. Bennett, .Vatwe, 212,286 (1966). 

Soc., A ,  892 (1966). 
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TABLE I 
ANALYTICAL DATA AND MAGNETIC SUSCEPTIBILITIES FOR PALLADIUM(II) COMPLEXES - Analyses, % 
7 Theory -, Found lO-Sx, cgs unitsa 

Complex C H N Pd C H N Pd X m  Xd XP 

[Pd(CH3CN)4](BFd)Z 21.64 2.73 12.62 23.96 21.51 2.82 12.54 . . .  -94 -187 $93 
Pd (CH3CN) zClz 18.52 2.33 . . .  41.02 18.74 2.15 . . .  40.95 -18 -119 $101 
[Pd(DhIS0)4](C104)~ 15.55 3.91 . . .  17.22 15.28 3 .75  . . .  17.43 -170 -271 $101 
[Pd(DMSO)4](BF4)2 16.22 4.08 . . , 16.40 4 .01  . . .  . . .  . . .  . . .  
Pd (DMSO) zClz . . .  . . .  . . .  31.96 . . .  . I .  , . . 31.70 -86 -166 f 8 0  
[Pd(DMF)4](C104)2' 24.11 4.72 9 .37  17.77 24.03 4 .91  9.26 17.51 -132 -249 $117 

22.28 4.36 . . .  . . .  22.40 4 .21  -85 -155 +70 Pd(DMF)zC12 . . .  
[Pd(DMA)4](C104)2 29.39 5.55 . . .  16.27 29.15 5.55 . . .  15.92 -93 -296 +203 
Pd(DhIA)zClz 27.33 5.16 . . .  30.27 27.29 4.97 . . .  30.00 -40 -179 $139 
Pd (NMA) zC1z 22.28 4 .36  8.66 22.01 4 .29  8.44 . . .  . . .  . . .  
[Pd(NMF)4](BF4)2 18.61 3.90 10.85 18.93 3 .79  10.90 . . .  . . .  . . .  

. . .  . . .  

. . .  

. . .  . . .  

. . .  . . .  
. . .  . . .  . . .  . . .  . . .  . . .  . . .  . . .  I . .  [ P ~ ( N M A ) ~ I ( B F ~ ) z  18.59 18.21 

xd, xP, and xrn are, respectively, the diamagnetic, paramagnetic, and totalmolarsusceptibilities. * Calcd: 0,32.12. Found: 0,32.03. 

TABLE I1 

IN trans-PdLzClz COMPLEXES 
Complex upd-ci, cm-1 

PALLADIUM-CHLORINE STRETCHING VIBRATION 

Pd(CH3CN)zClzO 359 
Pd(DMSO)zC1zb 353 
Pd(DMF) zC1z' 347 
Pd(DIC;IA)zClZ 350 
Pd(NMA)zClz 346 

R. A. Walton, Spectrochim. Acta, 21, 1795 (1965). R. A. 
Walton and B. F. G. Johnson, i b i d . ,  22, 1853 (1966). c The 
assignment of this vibration is complicated by the presence of 
bands at 360 and 322 cm-' in free DMF. 

TABLE I11 
REPRESENTATIVE SULFUR- AND OXYGEN-BONDED 

DMSO COMPLEXES 
Complex 

DMSO(l)c 
D M S O - ~ ~ ( ~ ) ~  
Pd (DMSO) zCLC 

Pd(DMS0) z(N0a)z" 
[Pd(DMSO)4]X, 
[Pd(DhISO-da) 41 (BF4) z 

Pd (DMSO-de) zClzc 

SnCl4. 2DhISOc 
SnC14. 2DhIISO-dsc 
[Cr (DMSO) 61 (ClO4) zC 
[Ni(DMSO) 61 (C104) zC 
[Pd(DblSO)4]Xz 
[Pd(Dh4SO-de)l(BF4)z 

Donor atom 

, . .  

. . .  
S 
S 
S 
S 
S 
0 
0 
0 
0 
0 
0 

U S 0  

1055 
1064 
1116 
1113 
1157, 1136 
1150, 1140 
1146, 1141 
915 
929, 914 
928 
955 
920, 905 
916, 904 

UM-L 

. . .  
. . .  

41jasd 
. . .  

4300 
437, 420a 
403, 394& 
482, 477bJ 

Fi2gb'@ 
444bSO 
4936 
468* 

. . .  

a Palladium-sulfur stretch. Metal-oxygen stretch. F. A. 
Cotton, R. Francis, and W. D. Horrocks, Jr., J .  Phys. Chem., 64, 
1534 (1960). R. A. Walton and B. F. G. Johnson, Spectrochim. 
Acta, 22, 1853 (1966). e D. $. Langs, C. R. Hare, and It. G. 
Little, Chem. Commun., 21, 1080 (1967). f T. Tanaka, Inorg. 
Chzm. Acta, 1, 217 (1967). @ C. V. Berney and J. H. Weber, 
Inorg. Chem , 7, 283 (1968). 

bands. In  order to examine for the possible presence of 
oxygen-bonded DMSO, the deuterated complex Pd- 
(DMSO-d6)d2+ was prepared and its ir spectrum was 
recorded (Figure 1). The methyl rocking bands shift 
-200 cm-' in the deuterated complex thus clearing 

TABLE I V  
IbLEV.4NT VIBRATIONAL FREQUEXCIES AKD ASSIGNMENTS 

FOR METAL ION-ACETONITRILE COMPLEXES (CM-') 

V o V  AVCN 6s(CHa)(~s) uc-,(u4) Av4 va + ud 

CH aCN(,)' 2266 . , 1371 920 . 2293(l)b 
[Pd(CHaCN)d](BFa)z 2347 +81 1360 960 f40 2318 
Pd(CHaCN)zC1zC 2332 f 6 6  1353 951 4-31 2303 
Zn(CHaCN)a+Za 2306 f 4 0  1368 939 f19  . . 

a K. F. Purcell and R. S. Drago, J .  Am. Chem. SOC., 88, 919 
(1966). P. Venkateswarlu, J .  Chem. Phys., 19, 293 (1951). 
c The assignment given above for U C N  in Pd(CH3CN)zClz is 
different from that reported by R. A. Walton, Spectrochim. Acta, 
21, 1795 (1965). Our assignment is based upon the position of 
the combination band u3 + u4.  

the vso(oxygen bonded) region for inspection. The 
strong bands at 920 and 905 cm-' in Pd(DMSO)d2+ 
undergo only very slight shifts to 916 and 904 cm-' in 
the deuterated complex and are thus assigned to usO 
for oxygen-bonded DMSO. 

Further evidence for the presence of mixed sulfur 
and oxygen coordination sites is supplied by the pres- 
ence of more ir bands than would be expected for four 
equivalent DMSO ligands. I n  particular, the spectral 
regions for S,(CSO) and6,(CSO) each contain two or more 
bands. In  the far-ir there are a t  least three bands (493, 
437, 420 cm-l) that  can be associated with Pd-ligand 
stretching frequencies, while only one would be expected 
for an idealized D4h symmetry. The splitting of u s 0  

in both the sulfur-bonded and oxygen-bonded regions 
along with a t  least three ir-active Pd-ligand stretches 
is most consistent with a cis arrangement of S- and 0- 
bonded DMSO ligands. More detailed structural con- 
sideration for Pd(DMS0) d 2 +  must await the results of 
the X-ray structure determination now in progress. 

It is also interesting to note that the frequency shift 
Avso(oxygen bonded) is much larger than any previously 
reported for a divalent metal ion complex with DMSO. 
This is consistent with the relatively strong metal- 
ligand bonding generally associated with square-planar 
complexes. 

I n  sulfur-bonded bis-DMSO complexes, the DMSO 
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TABLE V 
IMPORTSST IR FREQUENCIES AND ASSIGNMENTS IN PALLADIUM(II) AMIDE COMPLEXES 

Compound u c o  Auto U C N  AUCX 6 C B  a,,, A6ocv I'd-0 

D;ZIF(g)Q 1714* . . .  1496b . . .  1382b 66OC . . .  . . .  

N M F  (8) e 1727b . . .  14901 . . .  1385c 771c . . .  . . .  

NMll(g)" 1718 . . .  1487f . . .  1413c,Q 62'iC , . .  , . .  

Di\IA(g)" 1695 . . .  1492 . . .  1400~ 73OCsh . . I  . . .  

[Pd(DLIF) 4](C104)z 1646 - 68 1487 -9 1344 720 +60 463 
Pd(D31F)zClz 1629 - 85 1487 -9 1361 TOO ~ 4 0  c2429d 

[Pd(Kh,IF)4] (BFI) z 1629 - 98 1530 +40 1350 812 +41 479, 466 

[Pd(PiMii)4](BF~)z h) 1605 - ( ~ 1 1 3 )  ~ 1 5 4 7  + ( ~ 6 0 )  1399 661 +34 476 
Pd(XILIA)2Clz 1605 -113 1555 +68 1393 651 + 24 481 

[PdlDMA)41(C104) z 1599 - 96 1486 -6 1400 750 +20 458 
Pd(DMA)zClz 1588 - 107 1488 -4 1398 751 +21 450 

spect,rum. 
Shimanouchi, and 8. Mizushima, J .  Chem. Phys., 24 ,  408 (1956). 
bending frequency. 

a R. L. Jones, J .  LVOL Spectry. ,  11, 411 (1963). The u c o ,  UCN, and ~ C H  (in-plane deformation) are mutually coupled. c Liquid 
e T. Lliyazawa, T. 
'I In-plane CH3-Pi 

d Assignment of this vibration is complicated by the presence of ligand vibrations in that region. 
f Both uco and UCN are coupled with 6". 

Since normal-coordinate analysis has not been done, this is our suggested assignment. 

ligands are commonly found in the cis configuration.1g 2 2  

The Pd-S bond distances in the czs-nitrate complex are 
significantly shorter than those in the trans-chloride 
complex, n hich is considered to be the result of more 
favorable dT--dn Pd-S bonding in the cis configuration. 
Assuming that the observed cis structures are the 
thermodynamically most stable form and do not simply 
result from kinetic stability, then the presence of the 
t ? a m  structure for Pd(DMS0)2C12 is surprising. The 
trans configuration of Pd(DMS0)2C1z may not be the 
most stable molecular form but is obtained in the solid 
state because it leads to a more stable crystal form. X 
study of Pd(D~ISO) ,Cl ,  in solution was undertaken to  
aid in understanding this problem. The ir spectrum for 
solid t~ans-Pd(DS?vIO)~Cl~ has a single S-0 stretch a t  
1116 cm-l and single Pd--S and Pd-C1 stretches a t  415 
and 353 cm-l, respecti~ely.~3 A single S-0 stretching 
frequency a t  1125 em-' in DMdO solution indicates 
retention of the trans structure in DMSO solvent. HOK- 
ever upon dissolution in acetonitrile, two bands appear 
in the S-0 stretching region a t  1154 and 1134 CITL-~ 

and U p & s  shifts to 429 em-'. These values are very 
close to the u s o  frequencies of 1157 and 1136 em-' and 
updps of 430 em-' observed for czs-Pd(DMS0) ( X 0 3 ) ~  
(Table 111). This increase in uSo and the splitting 
are good evidence for the presence of the cis sulfur- 
bonded complex in acetonitrile solution. Similar studies 
in CH2C1, and CHC13 Jvere hampered by solvent absorp- 
tions in the u s 0  region and the limited solubility of 
the complex in these solvents. Isolation of the crystal- 
line complex from every solvent studied yielded only 
tranb-Pd(DMSO)2C12. The limited solubility of the 
complex in nonbasic solvents precludes a decision as to 
whether the czs or trans isomer is the most stable molec- 
ular form. This work does, however, leave open the 
possibility that the isolation of only the trans complex 
as a solid may be caused by crystal packing. 

(2'2) AT. AfcPartlin and R. Mason, Chem.  Commun., 545 (1967). 
(23) R .  A .  Walton and B. F. G. Johnson, SperfTochirn.  A d a ,  22,1883 (1966). 

Acetonitrile Complexes.-Coordination of acetoni- 
trile through nitrogen is characterized in the ir spectra 
byincrease in both t'he C-S and C-C stretching frequen- 
cies. Purcell and Drago24 have shoil-n that acetonitrile 
coordination strengthens the C-K and C-C 0 bonding 
which result's in increased force constants. On palla- 
dium complex formation, t'he C-S stretching frequency 
for acetonit'rile ( U C S ( ~ )  2266 em-l) increases to  23.27 cm-l 
inPd(CH3CK)42+and to 2332 cm-'for Pd(CH3CK)2C12, 
while UC-C increases from 920 em-' for the free ligand 
to 960 and 951 cm-' for t'he h - 0  palladium complexes, 
respectively (Table IT'). The magnitudes for A U ~ X  and 
AUC-C are among the largest for metal ion 
which is again suggestive of relatively strong Pd-ligand 
bonding in square-planar complexes. The frequency 
shift data also suggest that the palladium-acetonitrile 
bonding is slightly st'ronger in the cationic complex 
Pd(CH3CN) 1 , ~  than in the neutral complex trans- 

Amide Complexes.-The carbonyl oxygen is assigned 
as the principal donor sit'e in all of the amide complexes, 
in part' on the basis of the shift to lon-er frequency of 
the band primarily associated with the carbonyl st'retch- 
ing frequency as well as frequency shifts of other rele- 
vant bands such as the increase in frequency of the 
0-C-S bending n i ~ d e . * ~ . * ~  A list of characteristic 
amide vibrations and the "palladium-oxygen" stretch- 
ing frequency for the amide complexes can be found in 
Table V. Although AUCO for the amide complexes is 
among the largest reported for divalent metal ions, the 
relative acceptor ability of Pd(I1) with amide oxygen 
donors compared t'o other metal ions cannot be deter- 
mined by the use of AUCO, for the uco vibration is 
coupled with U C X  and other The DRlF 

Pd(CH,CX),Cl,. 

(24) K. F. Purcell and R .  S. Drago, J .  Am.  Chem. SOC., 85,  919 (1966). 
J. Jungament and C. Curran, S a t u r e ,  202, 290 (1964). 

(26) F. F. Kellogg and N. A. Matwiyoff, Inorg. Suc l .  Chem. Letters,  4,47 
(1968). 

(27) G. Kaufmann and M. J. F. Leroy, Bull. SOC. Chim.  France. 402 (1967). 
(28) I. Sueuki, Bull. Client. SOC. J a p a n ,  35, 540 (1962). 
(29) T .  hfiyazawa, T. Shimanouchi. and S. Miaushima. J .  Chem. Piigs.. 24, 

408 (1956); 29, 611 (1958). 
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complexes will be used to illustrate this point, since a 
normal-coordinate analysis for DMF is available. 27 

Normal-coordinate analysis for D M F  indicates that  
V C O ,  VCN, and ~ C H  are mutually coupled to  a significant 
extent. Valence bond considerations predict that oxy- 
gen coordination will result in a decrease in uco and an 
increase in VCN.  This expectation is not experimentally 
obtained for the palladium-DMF complexes presum- 
ably owing to the complications caused by coupling. 
Furthermore, AVCO suggests that  the Pd-DMF bonding 
is stronger in the neutral chloride complex than in the 

cationic complex, whilc A ~ C H  indicates the reverse order 
and AVCN suggests that  the interaction is very similar, 
The use of these three mutually coupled vibrations for 
frequency shift comparisons is clearly complicated by 
coupling and the changes in coupling on complex for- 
mation. 

The 0-C-N bending mode found a t  660 cm-1 in 
D M F  is not coupled and is thus a better choice for fre- 
quency shift comparisons. The 0-C-N bending occurs 
a t  720 cm-1 in Pd(DMF)d2+. This shift of -60 cm-’ is 
larger than for any other divalent metal ion-DMF 
complex and is comparable to trivalent complexes 
(e.g., forA1(DMF)e3+ A ~ O C N  = 60 cm-1).2G These data 
again suggest relatively strong palladium(I1)-ligand 
bonding. Also the smaller frequency shift ( A 6 0 C ~  = 
40 cm-l) for the neutral chloride complex Pd(DMF)2- 
Clz suggests that  the palladium-ligand bonding is more 
effective in the cationic complex Pd(L)MF)42+. This is 
further substantiated by the Pd-0 stretching frequen- 
cies of 463 and 429 cm-lin Pd(DMF)42+ and Pd(DMF),- 
Clz, respectively. 

Since normal-coordinate analysis has demonstrated 
tha t  ~ O C N  is strongly coupled in the other three 
 amide^,^^^^^ frequency shifts cannot be used to com- 
pare the palladium-ligand bonding of the cationic with 
the neutral chloride complex or to comment on the 
relative acceptor ability of Pd(I1) with these amides. 

Conclusions 
The presence of anions with very small coordinating 

ability is essential for the general preparation of the 
complexes [PdL4]X2 where Pd(I1) is bound directly to 
only neutral monodentate ligands (I,). The anions 
perchlorate or tetrafluoroborate were found to satisfy 
this requirement. Two methods were used to introduce 
the ‘‘noncoordinating” anion into the complex : (1) titra- 
tion of a solution of palladium chloride in the donor 
solvent with silver perchlorate or silver tetrafluorobor- 
ate and (2) reaction of metallic palladium with KO+,- 
BF4- in acetonitrile to yield [Pd(CH3CN)4] (BF4)2. 
This acetonitrile complex is a useful precursor to other 
cationic Pd(I1) complexes, and owing to the facile re- 
placement of acetonitrile, this complex should prove 
generally useful in Pd(I1) chemistry. 

All Pd(I1) complexes prepared were found to be four- 
coordinate and diamagnetic and thus consistent with 
square-planar geometry. Infrared spectra indicate that 
perchlorate and tetrafluoroborate anions are essentially 
ionic and that both sulfur and oxygen donor sites occur 
in the dimethyl sulfoxide complex while nitrogen and 
oxygen donation are, respectively, found in the aceton- 
itrile and amide complexes. The ir frequency shifts for 
modes involving the donor atom are among the largest 
reported for divalent metal ion complexes suggesting 
that relatively strong palladium-ligand bonding occurs 
in these square-planar complexes. Frequency shift 
data also suggest that the cationic complexes PdL42+ 
involve slightly stronger metal-ligand bonding than the 
neutral complexes PdL2C12. 
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The complex Pd(DMSO)4z+ is the first example of 
DMSO exhibiting both sulfur and oxygen coordination 
sites in a complex; in fact, it is the first case to  our 
knowledge where a neutral ligand exhibits well-defined 
mixed donor sites. Far-ir spectra suggest a cis arrange- 
ment of oxygen- and sulfur-bonded DMSO ligands. The 
complex Pd(DR4SO)&l, which exists as the t rans  

isomer in the solid is found to convert to the cis isomer 
in acetonitrile solution. 
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Several tertiary amine complexes of beryllium hydride have been synt,hesixed by three different preparative routes. In  the 
first, trimethylamine is allowed to react’ with the liquid adduct diethylberyllium-diethylaluminum hydride to produce the 
crystalline beryllium hydride-trimethylamine complex. The other two procedures involve direct reaction between the 
amine and polymeric beryllium hydride either by (1) heating the mixture in a sealed system or ( 2 )  ball-milling the reactants 
together. The complexes mere characterized by chemical analysis, infrared and nmr spectra, and X-ray powder diffraction 
measurements. These data, along with molecular weight determinations, indicate that the fundamental unit in every 
case is the hydrogen-bridged BeHz dimer. 

Introduction 

Unlike the case of the group I I Ia  hydrides borane,2 
a1anej3 and gallanea4 there have been no tertiary amine 
complexes reported for the simple hydrides of the group 
I I a  metals. Because of its “electron-deficient” char- 
acter, beryllium hydride is the one member of its group 
most likely to give stable complexes with donor mole- 
cules. Holley and Lemons5 presented some evidence 
for the formation of beryllium hydride etherate, al- 
though the simple l : l adduct was not isolated. The  
existence of the trimethylamine complex was predicted 
by these authors, but a successful synthesis was never 
reported. The nearest approach mas that of Bell and 
Coates6 by their preparation of the trimethylamine 
complex of methylberyllium hydride, and since the 
hydrogen bridges in methylberyllium hydride were not 
cleaved by treatment with excess trimethylamine, one 
might conclude that it would be difficult to prepare the 
beryllium hydride adduct by direct combination of the 
amine with polymeric beryllium hydride. 

I n  this paper we report the synthesis and properties 

(1) This research was supported by the Advanced Research Projects Agency 
and the Air Force Rocket Propulsion Laboratory, Edwards, Calif. under Con- 
tracts AF04(611)-9376 and AF04(611)-9888. 

(2) 4 .  B. Burg and H. I. Schlesinger, J .  Am. Chem. Soc., 59, 780 (1937). 
(3) E. Wiberg, H.  Grat, and R. Usom, Z. Anorg. Allgem. Chem., 272, 221 

(1953). 
(4) N. S .  Greenwood, A. Storr, and RI .  G. H. Wallbridge, I n o r g .  Chem., 2, 

1036 (1963); D. F. Shrivcr and R. W. Parry, i b i d . ,  2, 1039 (1963). 
( 5 )  C. E. Holley, Jr . ,  and .J. F. Lemons, “The Preparation of the Hydrides 

of Magnesium and Beryllium,” Los Alamos Scientific Laboratory Report 
LA-1660, April 1, 1954. 

(6) S .  A. Bell and G. E .  Coates, Proc. Chem. SOC., 59 (1964). 

of a number of tertiary amine complexes of beryllium 
hydride. Three different methods of preparation are 
described, two of which involve a convenient, direct 
synthesis, 

Results and Discussion 
The trimethylamine complex of beryllium hydride (I) 

can be prepared by reaction of the diethylberyllium- 
diethylaluminum hydride adduct (11) with liquid 
trimethylamine 
(C2H5) zBe. 2 (CzH5) zA1H + 3 (CH3) 3 N - t  

I1 
(CH3)3N. Be132 + 2(C2H5)3A1.N(CH3)3 

I 

When the excess trimethylamine is allowed to evapor- 
ate, I slowly precipitates+om the liquid residue. It 
is recovered as colorless, needlelike crystals, which are 
sensitive to air and moisture. The complex is mod- 
erately soluble in trimethylamine and aromatic hydro- 
carbons. I n  diethyl ether it initially dissolves and 
then precipitates as an amine-deficient species by par- 
tial dissociation. Cryoscopic molecular weight mea- 
surements indicate that I is dimeric in benzene solution. 
The  hydrogen-bridged structure 

is proposed for the dimer. This structure is closely 


