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Abstract: Formation of the donor—acceptor complexes of group 13 metal derivatives with nitriles and
isonitriles XsM—D (M = Al,Ga,In; X = H,CI,CH3; D = RCN, RNC; R = H,CHj3) and their subsequent reactions
have been theoretically studied at the B3LYP/pVDZ level of theory. Although complexation with MX3
stabilizes the isocyanide due to the stronger M—C donor—acceptor bond, this stabilization (20 kJ mol™ at
most) is not sufficient to make the isocyanide form more favorable. Relationships between the dissociation
enthalpy AH°,98%s, charge-transfer gcr, donor—acceptor bond energy Epa, and the shift of the vibrational
stretching mode of the CN group upon coordination Awcy have been examined. For a given metal center,
there is a good correlation between the energy of the donor—acceptor bond and the degree of a charge
transfer. Prediction of the AH°,95%*% 0N the basis of the shift of CN stretching mode is possible within limited
series of cyanide complexes (for the fixed M,R); in contrast, complexes of the isocyanides exhibit very
poor Awcn — AH208%%° correlation. Subsequent X ligand transfer and RX elimination reactions yielding
monomeric (including donor—acceptor stabilized) and variety of oligomeric cage and ring compounds with
[MN],, [MC],, [MNC], cores have been considered and corresponding to thermodynamic characteristics
have been obtained for the first time. Monomeric aluminum isocyanides X,AINC are more stable compared
to AI=C bonded isomers; for gallium and indium situation is reversed, in qualitative agreement with Pearson’s
HSAB concept. Substitution of X by CN in MX3 increases the dissociation enthalpy of the MX,CN—NHs
complex compared to that for MX3—NHg, irrespective of the substituent X. Mechanisms of the initial reaction
of the X transfer have been studied for the case X = R = H. The process of hydrogen transfer from the
metal to the carbon atom in HsM—CNH is thermodynamically favorable and is likely to be intramolecular.
By contrast, intramolecular hydrogen transfer in HsM—NCH has been definitely ruled out. Head-to-tail dimeric
species [HsM—(NC)H], are formed exothermically and exhibit low H...H distances, which can assist in
hydrogen transfer, and are likely to be the starting point for H, elimination. Elimination of H,, CH,4, and
C2He from XsM—(NC)R adducts is very favorable thermodynamically; by contrast, elimination of HCI and
CHsCl is highly unfavorable even if formation of oligomer species takes place. Thus, high-temperature
generation of gas-phase rings and clusters has been predicted viable in the cases X = H,CH3 and their
presence in the reactor media should not be neglected. Moderate stability of [HMCH,NH], clusters (especially
in the cases M = Ga, In) makes these species viable intermediates of gas-phase reactions. Their formation
may be responsible for the carbon contamination in the course of metal organic chemical vapor deposition
processes of group 13 binary nitrides.

Introduction diversity of products. These include a variety of cyanide species
Despite having been known for many years, reactions of [XzMCN]n (in the form of donor-acceptor stabilized mono-
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or spiral polymers3d), dimeric rings [XeMNCR;], with M2N>
core31418 products of trimerization of acetonitrile mole-

given to the identification of stable compounds with metal

carbon bonding. We present a systematic study of structure and

culeg5ab.19 M—N—C cyclic’® and cag® compounds, and  stability of a variety of group 13 metal cyanides/isocyanides

unidentified polymers:® and report (for the first time) their gas-phase thermochemistry.
Despite these substantial experimental studies, the mecha-, . .
. . . .~ Computational Details

nisms of these transformations are not known in detail.

Knowledge of the thermodynamics behind these processes is Density functional theory in the form of the B3LY¥Pfunctional

also very limited at the present time, but is expected to be has been employed to predict the geometries, relative energies, and
important for the metal organic chemical vapor deposition vibrational frequencies of individual compounds and the thermodynamic

(MOCVD) of high purity group 13 binary nitrides, prospective parameters of dissociation and elimination reactions. Because consider-
materials for high-power high-frequency electronic and opto-
electronic deviced!?2 Due to its high thermal stability, HCN

is readily formed and observed during MOCVD conditidds.
Reactions of HCN with acceptor molecules M(g#lin the
condensed phase result in formation of stablefMIEN], rings
with metal-carbon bond&:13 Analogous gas-phase intermedi-

able attention will be given to the investigation of large oligomeric
species, a polarized doublequality all-electron pvVDZ basis set of
Ahlrichs and co-workers was used for H (4slp/2slp), C(7s4pld/
3s2pld), N(7s4pld/3s2pld), Al(10s7pld/4s3pld), Cl(10s7pld/4s3pld),
Ga(14s10p5d/5s4p3é) For indium, a polarized double-quality all-
electron basis set (18s14p9d/6s5p3d) of Godbout et al. wasUa#d.
structures were fully optimized with subsequent vibrational analysis

ates may be responsible for carbon incorporation in the solid and correspond to minima on the potential energy surface. Basis set
nitride. Therefore, gas-phase processes initiated by formationsuperposition error (BSSE) correction was computed by the counter-

of donor-acceptor complexes between nitriles and group 13
element derivatives certainly require attention.
The gas phase complexes of boron derivatives with nitriles

poise method® Energies of the doneracceptor bonds have been

evaluated taking into account the reorganization energy of fragments
and BSSE, as described in a recent report for the group 14 comglexes.
Atomic charges were determined using Mulliken population analysis.

and isonitriles have been extensively studied both experimentally the Gaussian 94 program package was used throughout.

and theoretically#=26 One of the interesting features of boron

Computed vibrational frequencies are overestimated compared to

trifluoride complexes with nitriles is the remarkable dependence experimental values (see, for example, Table 1s), as expected for the
of the donor-acceptor bond length on the aggregate state of B3LYP level of theory. In the present report, we are primarily interested

the complex. The BN distance shortens dramatically from

in the shift of the CN stretching modawcn). Values predicted with

2.011 and 2.473 A in the gas phase to 1.630 and 1.638 A in theB3LYP/pVDZ agree well with available experimental observations.

solid state for the BFCH3;CN and BR—HCN complexes,
respectively?* Therefore, results of experimental studies in

condensed phases should be transferred with caution to the ga:
phase processes. The gas-phase chemistry of cyanides an
isocyanides of the heavier analogues of boron is not at all well-

S

Substitution of the hydrogen atom in HCN by a methyl group results

in the shift of the CN stretching mode of 170 chiexperimental value);

our B3LYP/pVDZ prediction is 173 cnt. For the isonitriles, similar
bstitution of hydrogen by a methyl group results in a 142%cshift

?gxperimental value), whereas the predicted B3LYP/pVDZ value is 137

cm L. Therefore, in the present work we used unscaled theoretical

documented, and theoretical predictions for the gas-phase speciegarmonic frequencies to predict shifts in the CN stretching mode.

thus become an important ongoing task.

In the present report, we explore theoretically reactions of
the group 13 metal derivatives Al, Ga, and In with nitriles and
isonitriles. To begin, the formation of doneacceptor com-
plexes XM—NCR and %M —CNR will be considered. Second,

For the free donor molecules, HCN and £\ are predicted to be
57.2 and 93.5 kJ mot lower in energy than HNC and GNC,
respectively. Taking into account zero point vibrational energy and
thermal corrections, predicted standard isomerization enthalpies of HNC
and CHNC are 56.8 and 93.9 kJ md| respectively. This result

isomers of these complexes resulting from the migration of one Satisfactorily agrees with the experimental values of 8183 (HNC)

or two terminal groups X from metal to carbon atom will be
examined. Finally, elimination reactions leading to monomeric
and oligomeric cyanide compoundsMCN], will be explored.
Results obtained will be discussed in light of the influence of

and 99.2+ 0.6** (CH3NC) kJ mof™ (for the latter compound the
alternative NIST value of 89.5 7.2 kJ mof! % is also available).
The experimental heat of formation of HNC has been recently
revisited3® and a somewhat higher isomerization enthalpy of HNC
(72.8+ 12.1 kJ mot?) was deduced using collision-induced dissociation

the metal center and substituents X, R on the thermodynamicthreshold measurements and a revised proton affinity scale. The latter
properties of the gas-phase processes. Special attention will bealue has a much higher uncertainty and is likely to be overestimated

(13) (a) Blank, J.; Hausen, H.-D.; Weidlein, JJ.Organomet. Cheni993 444,
C4. (b) Blank, JDissertation.Universitd Stuttgart, as cited in 13a.

(14) Jennings, J. R.; Lloyd, J. E.; Wade, K.Chem. Soc1965 5083.

(15) Seale, S. K.; Atwood, J. L1. Organomet. Chenl974 73, 27.

(16) Wehmschulte, R. J.; Power, P.IRorg. Chem.1998 37, 6906.

(17) Jensen, J. Al. Organomet. Chenil993 456, 161.

(18) Weller, F.; Dehnicke, KChem. Ber1977 110, 3935.

(19) Kopp, M. R.; Kraiter, T.; Dashti-Mommertz, A.; Neuttlar, B. Organo-
metallics1998 17, 4226.

(20) Zheng, W.; Stasch, A.; Prust, J.; Roesky, H. W.; Cimpoesu, F.; Noltemeyer,
M.; Schmidt, H.-G.Angew. Chem2001, 113, 3569.

(21) Jones, A. C.; O'Brien, RCVD of Compound Semiconductp¥&CH: New
York, 1997; 338 p.

(22) Neumayer, D. A.; Ekerdt, J. @hem. Mater1996§ 8, 9.

(23) (a) Muler, J.; Sternkicker, HJ. Chem. Soc., Dalton Tran$999 4149.
(b) Miller, J.; Bendix, SChem. Commur2001, 911. (c) Miller, J.; Wittig,
B. Eur. J. Inorg. Chem1998 1807.

(24) Leopold, K. R.; Canagaratna, M.; Phillips, J. Acc. Chem. Resl997,
30, 57, and references therein.

(25) Marynick, D. S.; Throckmorton, L.; Bacquet, R.Am. Chem. Sod.982
104, 1

(26) Vijay, A.; Sathyanarayana, D. N. Phys. Chem1996 100, 75.

(27) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. B. 1988 37, 785.

(28) Schier, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.

(29) Godbout, N.; Salahub, D. R.; Andzelm, J.; and WimmeC&n. J. Chem.
1992 70, 560.

(30) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.

(31) Timoshkin, A. Y.; Davydova, E. |.; Sevastianova, T. N.; Suvorov, A. V.;
Schaefer, H. FInt. J. Quantum Chen002 88, 436.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
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Table 1. Selected Geometric Parameters (bond distances in A, angles in deg) and Standard Entropies S°»eg (J mol~1 K—1) for MX3—D
Donor—Acceptor Compounds, Standard Enthalpies AH°29s%s (kJ mol~1) and Entropies AS°9s%ss (J mol~t K~1) for the Dissociation
Process: MX3—D = MX'3 + D; Harmonic Vibration Frequencies of CN Stretching Mode, w(CN), cm~! (unscaled) and Charge Transfer gcr,
Predicted at B3LYP/pVDZ Level of Theory

MXs donor R(M-D) R(C-N) CXMD S° AH® g5 AS® 55 w(CN) Ger
AlH 3 HCN 2.075 1.150 98.1 282 73.3 126.5 2261 0.184
HNC 2.130 1.163 98.3 285 86.4 126.4 2218 0.216
CH3CN 2.050 1.153 99.3 333 89.2 116.7 2429 0.216
CH3NC 2.119 1.163 99.2 336 97.4 116.1 2351 0.243
AICl3 HCN 2.036 1.148 99.9 381 89.0 133.0 2280 0.229
HNC 2.110 1.159 99.9 385 102.2 131.4 2256 0.246
CH3CN 2.001 1.152 101.0 435 112.4 120.5 2442 0.268
CHsNC 2.090 1.159 100.8 435 118.8 122.9 2384 0.280
AlMe3 HCN 2.118 1.150 98.8 421 52.1 159.0 2254 0.160
HNC 2.176 1.164 99.6 422 59.2 160.0 2206 0.189
CHsCN 2.086 1.154 99.7 470 66.1 151.2 2422 0.192
CHsNC 2.161 1.164 100.3 474 68.7 149.3 2341 0.215
Gahs HCN 2.218 1.150 96.4 299 48.2 120.6 2255 0.169
HNC 2.175 1.163 98.0 298 66.5 124.2 2209 0.253
CHsCN 2.176 1.154 97.6 343 60.0 118.0 2425 0.199
CHsNC 2.159 1.163 98.8 341 75.6 122.2 2344 0.282
GaCk HCN 2.165 1.149 98.9 411 59.5 116.5 2273 0.214
HNC 2.172 1.159 99.8 401 77.2 128.2 2251 0.288
CHsCN 2.104 1.152 100.3 455 79.6 113.4 2436 0.257
CHs3NC 2.139 1.159 100.9 450 93.4 120.6 2383 0.330
GaMeg HCN 2.330 1.151 96.4 444 28.5 153.6 2245 0.138
HNC 2.258 1.165 98.6 437 37.3 162.6 2193 0.199
CHsCN 2.261 1.155 97.5 492 38.1 147.2 2415 0.168
CH3NC 2.237 1.165 99.4 490 45.0 151.9 2331 0.226
InH3 HCN 2.497 1.151 94.9 319 45.5 111.5 2250 0.149
HNC 2.468 1.164 96.1 318 56.5 115.1 2206 0.225
CH3CN 2.444 1.155 96.2 350 55.6 121.6 2416 0.175
CH3NC 2.439 1.164 97.0 348 64.5 126.4 2341 0.253
InCl3 HCN 2.403 1.150 97.5 424 69.1 120.1 2264 0.204
HNC 2.420 1.159 98.3 426 81.2 120.5 2246 0.305
CH3CN 2.344 1.154 98.7 488 89.1 97.3 2424 0.239
CHsNC 2.379 1.159 99.5 485 98.0 102.7 2376 0.345

because high level ab initio methods predict an HNC isomerization considered. A case study of X R = H was performed for all
energy of 60.2t 4.2 kJ mol* at the CCSD(T)/TZ2P level of theofy. structures presented in Figure 1, and the influence of the terminal

We conclude that the B3LYP/pVDZ level of theory gives an adequate groyps X and R was investigated in detail for structures$,
description of thermodynamic parameters and CN vibrational frequency andIV.

shifts. I. Donor—Acceptor Complexes MX—NCR and MX3z—
Results CNR. Complexes of group 13 metal derivatives with cyanides
have been extensively studied experimentally in condensed
phase. Crystal structures of several ni&#é8and isonitrilé-3°
adducts have been reported. Selected structural and thermo-
dynamic parameters of doneacceptor complexes are sum-
marized in Table 1. Later in this section, we consider structural,
thermodynamic, and spectral properties of these compounds in
more detail.
. o . A. Structural Changes. Predicted structural parameters for
Transfgr of one substituent X of the nitrile adducts resuI'Fs N the gas-phase complexes may be compared with experimental
mon_ome_nc XMN=CRX (lla); its complexes with am_mon_|a_ values for the solid complexes, obtained from X-ray diffraction
and its dimeri|a), have been also considered. For the isonitrile (Table 2). There is a reasonable agreement between theoretical
adducts the cyclic monomeli® and their ammonia complexes o4 experimental data for the Md—NCMe adduct. Bond
were considered. _ _ ~ distances, with the exception of the dor@acceptor bond, are
Transfer of two substituents X results in monomeric qyerestimated by about 0.82.05 A. Such overestimation is
XM=NCRX; (llla ) for which oligomersllla )2 46 (as wellas ot ynusual for the B3LYP level of theory. In stark contrast,
their structural isomers PRCMNH]1 249 were considered.  he theoretically predicted doneacceptor bond distance for

The relationship between the processes studied is given in
Figure 1. We have theoretically investigated donacceptor
complexes of group 13 metal derivatives with nitrileghk—
NCR (la) and isonitriles XSM—CNR (Ib) (M = Al,Ga,In; X =
H,CI,CH;; R = H,CHs). We also considered their structural
isomers obtained by the transfer of terminal groups X from the
metal to the carbon atom:

1 . .
Monomeric cyclic XMC%NR (Il ) and its oligomersi(lb ),4 ~ the gaseous adduct is considerablyorter compared to the

Finally, RX elimination productsmonomeric metal isocy- for the other cyanide and isocyanide complexes (Table 2) that

anides XMNC (IVa) and %MCN (IVb), their complexes with were considered. Such a trend is clearly opposite to the
ammonia and oligomer species;MCN],, n = 2,3,4, have been

(38) Atwood, J. L.; Seale, S. K.; Roberts, D. Bl. Organomet. Chenl973
51, 105.
(37) Lee, T. J.; Rendell, A. RChem. Phys. Lettl991, 177, 491. (39) Uhl, W.; Hannemann, F.; Wartchow, Rrganometallics1998 17, 3822.
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XoM—=N:=C~MX,
_ N 2, I 2
oM™ V=0 7 No c N
\ MX, N -- h
c=N" | \x N ¢
XM 2 X;M-C=N—MX
avy, Ng=n" ? ’
av)
avy !
ile $H3
XoM—N=C —=— X,M—N=C X;M—C=N —> X;M—C=N
IVa-NH, va Vb IVb-NH,
-N=C
RX XM ~ RX -
U le g U XM~ C=N~ g
B / \
—_ ' X
XsM—N=C—R — | / XsM—C=N—R —> X
Ia ScEN—MX, R /
(), Ib N=C—MX,
(Ib),
,CXR
NH, X XoM——N ?Ha\
4 cX N
7 e XoM—N= — - N
XzM—‘N=C\ 2 C\R /N—MX2 XoM [/ —_— X2M—C// R
Ma-NH, | Ia rxc” I m "N X
ﬂ (), 1Ib-NH,
—MX
CX,R XM——NCX,R ﬂ AN \
M=N""""% /
/ == —_— /CX2 —_—> XoC, CXa
X - RX,CN——MX x| \
a NR RN——MX

(ta), b
~ @ /(Illb)z
(Ma)  (q1a), @ R

(IIb)s (IMIb),
Figure 1. General scheme of the studied processes and labeling of the investigated compoundd, 8a, In; X = H, CH3,Cl; R = H, CHs.

Table 2. Comparison of Experimental and Theoretical Structural Parameters for Several Donor—Acceptor Complexes XsM—D (D = NCR,
CNR). All Distances in A, All Bond Angles in Degrees, Harmonic Vibrational Frequency Shift of CN Group, Aw(CN), in cm~1 (unscaled)

Me;AIN=CMe Me;AIN=CMe Mes;GaN=CMe Me;GaN=CMe Cp;AIC=N(t-Bu) Me;AIC=NMe
parameter exp., X-ray’ B3LYP/pVDZ exp., X-ray? B3LYP/pvDZ exp., X-ray® B3LYP/pVDZ
r(M—D) 2.014(2) 1.901 2.207(5) 1.922 2.067(7) 1.928

r(M—X) 1.965-1.969(3) 2.019 1.9882.014(5) 2.033 2.010(3) 2.025
(mean 2.00)
r(N—C) 1.136(3) 1.139 1.111(6) 1.141 1.152(7) 1.137
r(C—R)P 1.431(5) 1.454 1.475(7) 1.454 1.463(6) 1.429
OX—M—X 115.3-116.7(2) 111.3 118:6119.3(2) 111.0 115.2(1) 110.8
OX—M-D 101.4(1) 107.6 94:2101.0(2) 107.9 102.8(1) 108.1
OM—N-C¢ 179.5(2) 180 171.2 (5) 180 180 180
ON—-C—Rd 179.7(2) 180 178.4 (7) 180 180 180
Aw(CN) 42 29 32 24 78 65

éExperimental data are given for the p@a—NCMe complex, ref 3P For isonitriles, r(N-R). ¢ For isonitriles, 0 M—C—N. 9 For isonitriles,

O C-N-R.

remarkable shortening of the doreacceptor bond distance in One of the important features of the don@rcceptor com-

the solid-state found for BFNCR systems by LeopoRf. The plexes of cyanides and isocyanides is a decrease of tté C

increase of the MD distance in the solid state may be dictated bond distance upon complexation. This effect has been observed

by the steric effect of crystal packing, for example by preventing for boron analogues as wéf.Our optimized G-N distances

the pyramidalization of the acceptor molecule. The linear for HCN, CHCN, HNC, and CHNC are 1.155, 1.158, 1.173,

relationship between the pyramidalization of M —M—-D and 1.174 A, respectively. Comparison of these values with

bond angle) and the MD bond length was found for 1315 C—N distances in the complexes (Table 1) reveals-d&®ond

complexes® The observed decrease of the-M—D angle in shortening of about 0.005 A for the nitrile donors HCN and

the solid state compared to the gas phase (see Table 2) leads tGH;CN. For isonitriles, bond shortening is more pronounced

lengthening of the doneracceptor bond. Thus, dramatic (mean value 0.01 A). The most pronounced decrease of the

structural changes between the gas phase and the solid state—N bond length is observed for the strongestNCHD

are observed for weak “partially bonded” complexes of,BF complexes.

but are not observed for the more strongly bound complexes of - g pjssociation Enthalpies.The dissociation enthalpies of

its heavier analogues. the MX; complexes with nitriles range from 29 kJ mélfor

(40) Timoshkin, A.Y.; Suvorov, A. V.; Bettinger, H. F.; Schaefer, HJFAm. GaM_%_NCH to 112 kJ mol* for AICls—NCCHs, which is .
Chem. Soc1999 121, 5687. considerably lower compared to the complexes of corresponding

J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003 10001
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acceptors with ammonia (76and 1492kJ mol1, respectively). Table 3. Relative Energies, in kJ mol~1, of Monomeric Isomers of
Isonitriles are stronger donors compared to nitriles. Predicted 1€ Ponor—Acceptor Compounds la and b
dissociation enthalpies of the metalarbon bonded complexes nitrie series” isonitrle series®
are on average 12 (R H) and 8 (R= CHjz) kJ mol™! higher XR M la lla llaNHe  lla b Ib  Ib-NHe  lilb
compared to those of metal-nitrogen bonded species. Thus, itHH Al 0 -722 -1846 453 0 —58.3 —192.2 —9.1
is important to conclude that complex formation to some extent Ga 0 —47.8 —1443 420 0 —252 —171.2 242
stabilizes the isonitrile form. As a result, relative energies of _ 2\1| 8 Izzgzil —129.1 Zg?z 0 —27.2 —164.9
the isocyanides RNC decrease upon complex formation (Table ~ Ga 0 1023 —llaa
2s). The amount of the relative energy decrease is proportional In 0 —la2 — laa
to the difference of the MC and M—N donor-acceptor bond ~ H.CHs Al 0 —40.1
energies for the given acceptor, but it does not depend on the Icr;]a g ;;8'2
strength of the doneracceptor bond itself. Weak gallium cicH, Al 0 162.6
complexes provide higher stabilization compared to the more IGa é) - :a:1

n —la

strongly bound aluminum complexes. Despite the fact that
metakcafbon donor-acceptor bonding is more favorable, the 2— |a and— lla indicate that optimization of this isomer converged to
difference of the M-C and M—N donor-acceptor bond structurela andlla, respectively? For the each series, the relative energy
energies is rather small (maximal 20 kJ mgland is not of the corresponding doneacceptor complex is set to ORelative energy
sufficient to make the MY¥CNR isomers more thermodynami- with respect tda and free Ni. © Data are given for the most staltés

y isomer. Relative energy with respectlto and free NH.
cally stable. Complexation of GNC with BH3 results in

stabilization by 55 kJ mot (MPZ/DZP level of the(:)l'y}f5 1. Structural Isomers of the DA Compounds_
The donor ability of the molecules considered decreases in . . le of th .
the order NH > CHsNC > CH:CN > HNC > HCN. A. Monomeric Species and Role of the Substituents X,R.

Transfer of the ligand X from metal to the carbon atom is a
well-known phenomenon for doneacceptor complexes of
nitriles and isonitriles. Therefore, it is of interest to compare
the relative energies of the doregsicceptor complek with its
isomer structures, where one or two substituents X are trans-
ferred to the carbon center

Substitution of the hydrogen by methyl group in the donor
molecule increases the doneacceptor dissociation energy by
about 20 kJ moit and 10 kJ moi! for MCl3 and MH; acceptors,
respectively.

C. Vibrational Frequency Shifts. As the C-N bond length
is sensitive to complex formation, monitoring of the CN
§tretchin_g vibrational mode is a good probg for gaining XM—N=CR (1a) — X,M—N=CRX (lla) —
information about doneracceptor complex formation. Shorten-
ing of the C-N bond upon complexation results in an increase XM = NCRX, (llla)
of the CN stretching fundamental. As may be seen from Table
2, our predicted values of the CN shift for the gas-phase
complexes are underestimated by 13-¢mompared to experi- 1
mental observations in the condensed phase. In several experi- XM—=CX,NR (lllb )
mental studie$*”the acceptor ability of MXwas derived using
the shift of the CN stretching vibration upon complexation. Relative energies of the monomeric isomerdil are sum-
Experimental results may be compared to our theoretical marized in Table 3, and general structures of compounds are
predictions for the gas-phase complexes with acetonitrile (Table given in Figure 2.
3s). Despite the fact that the experimental data refer to the Upon X transfer, the M-X bond is broken and the €X
condensed phase PhCN complexes, and theoretical values tdond is formed. Therefore, it is expected that favorability of
the gas-phase complexes of MeCN, the difference between AICI the transfer process will depend on the bond energy difference.
and AlMe; acceptors is predicted to be almost the same, both Mean M—X and C-X bond energies, summarized in Table 5s,
on the basis of energetic (dissociation enthalpy) and spectralindicate that the M-Cl bond is by 46-100 kJ mot? stronger
(CN vibrational frequency shift) parameters. Therefore, we compared to the €CI bond. In contrast, MH and M—C bonds
conclude that thermodynamic and spectral scales are in goodare about 86140 kJ mot™® weaker compared to-6H and G-C
agreement in predicting the acceptor strength order. However,bonds, and hydrogen and methyl transfer is expected to be
as follows from the comparison dfHYss and Awcny values favorable, but Cl transfer is not. In agreement with these
(Table 4s), such a conclusion is only valid for the given metal- expectations, transfer of the first hydrogen is predicted to be

Xs;M—C=NR (Ib) — X,M—CX=NR (llb) —

donor pair. exothermic by 26-70 kJ moll, whereas migration of one
Relationships between different parameters of acceptor ability chlorine atom is endothermic by 18220 kJ mot* (Table 3).
(such as charge transfer, dissociation enthalpy, deacceptor However, transfer of two substituents X to the carbon atom

bond energy, doneracceptor bond length and CN vibrational ~with formation of the monomeric XMNC3R form is always
frequency shift) will be examined in more detail for all of the endothermic, irrespective to the substituent X. In fact, transfer
donoracceptor complexes studied in the present work (see of two hydrogen atoms is endothermic by-480 kJ mof™,

Discussion section). transfer of two chlorine atoms is very strongly (by about 500
kJ mol1) endothermic. These results point out the high
(41) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H.F Phys. Chem. 2001, unfavorability of the low coordination number (two) of the metal
105, 3240. i ; ; i
(42) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H. . Am. Chem. Soc. and nitrogen centers itia . Cqupled \_Nlth the high favorability
1997, 119 5668. of M—CI versus C-Cl bonding, this makes transfer of ClI
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Table 4. Comparison of Experimental and Theoretical Structural Parameters for Several (lla) Dimers [XaMN=CXR], (all distances in A, all

bond angles in degrees)?

[(-Bu),AIN=CH
[Me,AIN=CMe,], (CsH3-2,6(CHa)2)L2 [H:AIN=CH_], [CLAIN=CHCI],? [Me,GaN=CMe,], [H,GaN=CH_], [Cl,GaN=CHClI],?
parameter exp., X-ray’® exp., X-ray'’ B3LYP/pVDZ B3LYP/pVDZ exp., X-ray* B3LYP/pVDZ B3LYP/pVDZ

r(M—N) 1.925, 1.930 1.937,1.955 1.971 1.944,1.954 1.978, 2.000 2.027 1.998, 2.012

(1.942, 1.957) (1.998, 2.012)
r(M—X) 1.969, 1.978 1.949, 1.986 1.591 213116 1.965, 1.968 1.573 2.162.165
r(N—C) 1.273 1.248 1.268 1.260 1.266 1.265 1.258

(1.260) (1.258)
ON—M-—N 83.7 80.6 83.4 83.4 82.1 81.9 82.0

(83.1, 83.9) (81.7, 82.5)
OM—N—M 96.3 96.5 96.6 96.6 97.9 98.1 98.0

(96.5) (97.9)

aData in the first row are for theansisomer, data in the second row (in parentheses) areisasomer.

X
M ® R

a) c3v b)

d)

M=Ga,In 3
© h)

Figure 2. General structures of the monomerielll compounds. Doner
acceptor complexes of MxXwith nitriles la (a) and isonitrileslb (b);
Monomericlla (c) andllb (d) species; Doneracceptor complexes of
lla with ammonia (e) andlb with ammonia (f); Monomeridlla (g) and
b (h).

For isonitriles, transfer of one hydrogen atom to the carbon
with formation of monomeridlb is exothermic by 2560 kJ
mol~1. Optimization of a linear isomer resulted in a cyclic
structure with trimeric ring M-C—N (Figure 2d). This com-
pound may be considered to involve bonding of the=HDH
and MH; radicals with additional intramolecular doregicceptor
stabilization. It is interesting that the degree of this stabilization
decreases in the series AlGa> In, as may be deduced from
the increase of the MC—N angle: 70.3< 86.3< 92.4. During
an optimization ofllb , the initial chain structure converged to
a Cs; symmetric three-membered cycle in the case of Al and
Ga, in which BHC=NH is coordinated to MH via a double bond
(Figure 2h). For indium, optimization dflb converged to a
weakly bound InH and NHCH,. Energetically, transfer of two
hydrogen atoms is slightly exothermic for Al and endothermic
for Ga (Table 3).

One of the ways to stabilize monomer compounds is a denor
acceptor interaction, which prevents oligomerization processes.
We considered formation of ammonia complexes for the
compoundsla andllb for the case X= R = H. The structures
of these complexes are presented in Figure 2e,f. Dissociation
enthalpies of the IN—H,MN=CH, complexes are 103.9, 88.1,
97.6 kJ mot! for Al, Ga, In, respectively. These values, with
the exception of the In complex, are lower compared to the
H3sM—NH3 complexes (112, 92.1, and 83.4 kJ miofor Al,

Ga, In, respectively at the B3LYP/LANL2DZ(d,p) level of
theory). The higher interaction energy oblAN=CH, with
ammonia reflects a weaker intramolecular stabilization in free
HalnN=CH..

For complexes ollb, two structures are possible (Figure
2,f)—with cis and trans orientation of the nitrogen atoms with
respect to the MC bond. In the cis isomer, additional

substituents essentially impossible: in several cases during astapjlization is gained by the interaction of the nitrogen lone

geometry optimization of €CI bondedlla andllla species, a
structure of the doneracceptor complela was obtained (Table
3). In experiments, when MAICI was reacted with PhCHCN

at 135°C in xylene, a transfer of Me (and not Cl) was

pair of the acceptor molecule with one of the hydrogens of the
NHs donor molecule (N-H distances are 1.811, 1.854, and
1.866 A for Al, Ga, In). Cis isomers also have shorter-M
donoracceptor bond distances (by about 0.065 A). Accord-

observed? Therefore, Cl-substituted species will be not con- ingly, the dissociation energies of the cis isomers are 5m

sidered for structureB andlll further.

kJ mol! higher compared to those of the trans structures. For

Substitution of the hydrogen by the methyl group in the donor he Ga compound, the trans isomer was predicted to be a

molecule (R=CHz) disfavors X transfer by about 30 kJ mé|

transition state, whereas for Al and In it corresponds to a

irrespective of the ligand X. Thus, on the basis of the results minimum on the PES. Dissociation enthalpies of ttie-

obtained, the case X H, R = H was chosen for the further

studies.

(43) Pasynkiewicz, S.; Starowieyski, K.; Rzepkowska) Z0rganomet. Chem.
1967 10, 527.

complexes oflb with ammonia are 124.8, 135.6, and 127.8 kJ
mol~%, much higher compared to thesM—NH3; complexes.
Interestingly, the order of dissociation enthalpies issAGa >

In for lla-NHj3, but is AllGadIn for IIb -NHs. The gallium
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Table 5. Standard Enthalpies AH°205%5, kJ mol~! for Oligomerization Reactions of Il and Ill (R = H) and Related Compounds

process X M=Al M= Ga M=n
XoMNCHX = Y, [XoMNCHX] 2, or lla = %, (1la)z H —120.9 —107.4 —119.0
Cl —131.2 —106.8
XoMNH, = 1/, [X,MNH )2 H —-113.¢ —96.1%,—96.6¢ —105.¢
Me —91.Z%
Cl —131.B, —126.% —111.8; —117.0 —-121.3
XMNCHX, = 1/, [XMNCHX 3], orllla =, (Illa ) H —254.7 —196.4 —191.6
XMNH = Y/, [XMNH] » H —281. 7 —227.5; —206.8 —212.8
Me 277.8 —200.6°
Cl —311.9, —300.9 —245.68, —221.4 —220.3
1/ [XMNCHX 3]2 = Y4 [XMNCHX 7], H —115.3 —89.7 —104.0
or 1/2(I|Ia )2 = 1/4(IIIa )4
12 [XMNH] 2 = Y4 [XMNH] 4 H —112.7;,—-115.¢ —99.9;-98.2 —105.0;—109.7
Me —123.0 —97.4 —116.3
Cl —124.6¢ —105.¢ —119.4
14 [XMNCHX 2]4= Yg [XMNCHX ], H —-16.7 —13.1 —-9.8
orly (Na)s= s (lMa)e
14 [XMNH] 4= Y5 [XMNH] ¢ H —23.8 —20.3;,-21.3 —-17.8
Me —22.7 —18.9
Cl —26.9 —26.7 —24.2
b =Y, (lllb ), H —196.6 —200.3
Yo (b )2 = Y4 (IIb )4 H —115.3 —89.7 —104.0
Ya (b )a =Y (IIb ) H +4.9 +7.6 +5.3

aReference 45, B3LYP/LANL2DZ(d,p) level of theoryyReference 42, B3LYP/DZP level of theoryReference 46, B3LYP/DZP level of theory.
dReference 47, B3LYP/pVDZ level of theoryReference 48, B3LYP/LANL2DZ(d,p) level of theoryData are given for the trans isomer.

complex ofllb with ammonia is the most stable, while the 0.5 (Ga) kJ moi' lower in energy compared tgis[Cl,-
gallium complex oflla with ammonia is the least stable. MN=CHCI],. Note that the experimentally synthesized
Comparison of the energies of the isomeric compldbeesNHs [(i-Bu);AIN=CH(CsHs-2,6(CH)2)]. also possesses a trans
andllb -NHj3 reveals, thatla-NHs is 36 (Al), 12 (Ga), and 10 orientation of 2,6 dimethylphenyl groupsComparison of the
(In) kJ mol~* lower in energy. selected experimental and theoretical structural paramerters for
B. Oligomerization Reactions.Because metal and nitrogen (lla);is presented in Table 4. There is good agreement between
centers inll andlll have low coordination numbers, oligo- experimental and theoretical data; the influence oftiketrans
merization is the anticipated process. In experimental studies,orientation of Cl on the geometric parameters of the\iring
analogues of the dimeric formga and lllb were mostly is marginal.
observed experimentally. Reaction of Alpwith MeCN at Comparison of the standard enthalpies of oligomerization
80°C gives the dimer [MgAI(NCMe,)]».1415Crystal structures  reactions of monomeriti andlll and analogous processes is
of [Me:AIN=CMe;],** and [MeGaN=CMe],'” have been  given in Table 5. Cl-substituents result in somewhat higher

determined and IR spectra of dimeric molecules jMB= oligomerization enthalpies (results for other halides are simi-
CMey] are reported for M= B, Al, Ga® When the E§GaNC- lar) 4849 whereas differences for H and Glsubstituents are
t-Bu complex is heated, £, is evolved and the dimeric  minimal. Thus, results obtained for the=X H may serve as a
[EtzGaNCH-tBu} product is formed. Here the-8s group of good estimation of the oligomerization enthalpies with organic

GaEg is a source of hydrogen, which is transferred to the C substituents X.

atom of the cyano group, eliminating ethylene. This reaction  pimerization of structurdia releases a considerable amount
pathway is common to all f&a complexes, when R is a heavier ¢ energy (116-130 kJ mof! per mole of monomer), and
homologue of CH® Wehmschulte and Pow#rreported that  therefore, the transformation of the source dermceptor
reaction of primary alane [Mes*Algl, (Mes* = CgH:-2,4,6- complex la to (lla), is very thermodynamically favorable.
t-Bus) with nitriles proceeds with formation of intermediate  Experimental results show that dimersBu),AIN=CHR], do
complex [Mes*Al(HY «*-N=C(H)t-Bu}]. and further heating ot react with Lewis bases L (& EtO, THF, Py) to form
results in ortho-metalation reactions involving thBu group monomeric adducts-Bu),AIN=CHR:L," in contrast to close
of the Mes* ligand. In the case of isonitrile, cyclic compound  gimeric analogues [MAIN(H)SiR's] R’ = Ph, Et, which easily
[Mes*AIN(t-Bu)CH]> with six-membered (AING)ring is easily  form monomeric complexes with 4-methylpyridiFfeCompari-
formed. On heating, cyclometalation product was obtained as son of the reaction enthalpies for the dimerizatiorilaf and

well. Jenset found that nitrile reduction by HAIBUY its complex formation with ammonia (Table 6s) reveals that
proceeds at OC in quantitative yield with formation of dimeric  the dimerization process is about 20 kJ mahore exothermic.
species: HAI(-Bu), + RCN = [(i-Bu),AIN=CHRL. As a result, reaction between the JWN=CH,], dimers and

General structures of oligomer compounddloandlll are
presented in Figure 3. Dimerization dfa in case of the (44) Zettler, F.; Hess, HChem. Ber1977, 110, 3943.

i i = i (45) Timoshkin, A. Y.Phosph. Sulf. Silic. Relat. Elerd001, 168 275.
equivalent substituents x R = H leads to thdx, symmetric (46) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H.F Phys. Chem. 2001,

compound, and when X and R are different, two isomers are ) 105, 3249.
possibile, with trans@n point group) or cis €z, point group) (7 Iimgssgk'“' A.Y.; Bettinger, H. F.; Schaefer, H. IRorg. Chem. 2002
orientation of X atoms (Figure 3a). Optimization of the (48) Timoshkin, A. Y.; Schaefer, H. Ehem. Recor@002, 2, 319.

; (49) Timoshkin, A. Y.Electrochem. Soc. Pro@001, 2001-13, 25.
structures of these isomers was pe_rformed for=XCl and 50) Choguette, D. M.; Timm, M. J.; Hobbs, J. L.; Rahim, M. M.; Ahmed, K.
R=H. trans[CI,MN=CHCI], was predicted to be 0.4 (Al) and J.; Planalp, R. POrganometallics1992 11, 529.
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Figure 3. General structures of the oligomer compounds. Dimef$aofa); dimers (b), cubic tetramers (c) and hexamers (d)laf, dimers (e), tetramers
(f) and hexamers (g) dilb ; dimers (h), tetramers (i), and hexamers (j) of [({}4MNH] .

Table 6. Thermodynamic Parameters of the Several Gas Phase Reactions Leading to (Illb)4 (standard enthalpies and Gibbs energies of
reaction are in kJ mol~1, standard entropies in J mol~* K~1; B3LYP/pVDZ Level of Theory)

process AH®5 AS®s AG® 95 AG®sp AG® 1000
AlH3+NCH = /4 [HAICH ;NH]4 —329.3 —296.2 —241.0 —181.3 —33.2
AlH3+NMesz = Y4 [HAICH 2NH]4 + 2CH, —306.5 -10.3 —303.5 —-301.4 —296.3
Al(CH3)3+NH3 = Y4 [HAICH ;2NH]4 + 2CH, —151.1 —86.0 —125.4 —108.1 —65.1
GaHs+NCH = Y/, [HGaCHNH]4 —255.5 —297.0 —167.0 —107.0 41.5
GaHs+NMes = Y4 [HGaCHNH], + 2CH, —232.7 —-11.2 —229.4 —227.1 —221.6
Ga(CHy)s+NH3 = Y4, [HGaCHNH]4 + 2CH, —113.0 —93.5 —85.2 —66.3 —-19.5
INH3+NCH = ¥4 [HINCHNH]4 —224.1 —251.2 —149.2 —98.5 27.1
INH3+NMez = Y/, [HINCH,NH] 4 + 2CH, —201.3 34.7 —211.6 —218.6 —236.0
IN(CHa)3+-NHs = /4 [HINCH,NH]4 + 2CHy —111.2 —47.9 —97.0 -87.3 —63.3

ammonia is unfavorable in terms of both enthalpy and entropy, correlation with the number of a methyl groups (Figure 1s),
which suggests the high stability of XMIN=CXR], species with [HMNCH3],, compounds being less stable.
even in the electrondonor solvents. Now we turn our attention to the oligomerization reactions
Oligomerization energies dfla fully compensate the un-  in the isonitrile series. Dimerization dfo with formation of
favorability of the hydrogen transfer. Dimeric forms [HMNg]H [H2MC(H)NH], was considered first, and structures which
are still coordinationally unsaturated, which gives rise to the possess the planarJa, core of C,;, symmetry were found to
significant exothermicity {90 to—115 kJ mot?) of the dimer be a transition state (TS) (M= Al,Ga) or a second-order
to tetramer conversion. Formation of hexamers from tetramers stationary point (M= In). Optimization of the I(b), dimer

is energetically favorable by 317 kJ mofl. [HMNCH;], underC,, symmetry constraints resulted in a true minimum for
compounds (Figure 3b,c,d) are isomers of the JINH], Al, but the dissociation into cyclic monomellid is exothermic

species (Figure 3h,i,j), with different arrangement of the H and by —44 kJ mot L. Thus, dimerization of the monomeric forms
CHjs ligands. The relative energies of these isomers have a linearllb with formation of M,C; core is unfavorable.
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In contrast, dimerization of monomeric forriigh is highly Table 7. Selected Structural Parameters and Relative Energies?@
P AE, kJ mol~1 for XX'MCN and XX'MNC Isomers (all bond
favo_rable' Reorganization _Of the three'membe_red cyblb; distances in A, all bond angles in deg; B3LYP/pVDZ level of
to six-membered cycles with the #@;N, core (Figure 3e) is theory)
exotht_armic by about 2(_)0 kJ mai(Table 5). Bec_aus_e both metal cyanides isocyanides
and nitrogen centers irl(pb ), have low coordination number
3, subsequent oligomerization is also expected. Indeed, forma
tion of Doy symmetric tetrameii{b )4 from (IIIb. )2is exothermlc H Me -99 11639 19464 1269 1.182 1.8275 127.7
by 90-120 kJ mot™. The process generatir@zy symmetric H H —94 11638 19463 1255 1.1827 1.8199 126.6
hexamers|(lb )¢ was also considered, and it was found to be (":'I g: *i-i ﬁggg i-gigg gié Hgg i-?g;g iggg
both er!ergetlcally and entroplcally unfavorable compared t0 5, Ve Me 132 11636 19801 1310 11805 1.8953 134.6
(llib )4, in contrast to the exothermic cube-hex convergéhce H Me 147 11635 1.9698 129.4 1.1811 1.8834 132.8
(Ma)s = Y (llla)e. In the experiments, dimeric forms H gl igg ﬂggg i-gig? gzg i-ig%i 1-2;% 54112
* _ H _ * H . . . . . . .

[Mes*AICHN(t-Bu)]> with bulky t-Bu and Mes* substituents Cl Cl 256 11616 19275 120.3 1.1825 1.8387 122.2
were obtained® We predict that with less bulky substituents, | 1 H 232 1164 2.170 130.2 1.182 2.100 135.1

synthesis of the tetramer cages containing-G4~N bonding Cl Cl 329 1162 2131 1186 1.184 2.057 1219

pattern should also be achievable. .
a AE denotes total energy difference between'MXIC and XXMCN
The tetramer and hexamers titb [HMCH,NH],¢ are isomers: AE = E{(XX'MNC) — E®°t (XX'MCN).

isomers of the well-known tetrameric and hexameric species
[HMNCHg3]46and [CHMNH] 46 The relationship between these A. Metal Cyanides XX'MCN and Isocyanides XXMNC

X AE  fC-N) (M-C) XMX' r(N-C) r(M-N) XMX'
Al Me Me -10 1.1639 1.9499 128.7 1.1814 1.835 129.2

forms may be seen in Figure 3. The cages [HMEH],4 (Figure (X,X" = H,CH3,Cl). Monomeric cyanides and isocyanides of
3f) may be considered as the intermediate stage for the CH group 13 metal derivatives are scarcely studied. The recently
moiety migration from the nitrogen center in [HMNGH synthesized gallium tricyanide Ga(Gi\Has an ionic structure
(Figure 3c) to the metal center in [GMNH]4 (Figure 3i). in the solid state with coordination number 6 on galliifhe
Comparison of the relative energies dflg ), and (lIb )4 experimental gas-phase reactions of atomic group 13 metals with

tetramers show thatl(b )4 is 175 (Al), 53 (Ga) and 57 (In) kJ ~ HCN resulted in the formation of monocyanides MCN and
ing for Ga and In compounds. It is also of interest to check the B > Al = Ga> In > Tl, and for thallium, the form TICN was
stability of the [HMCHNH]s species at high-temperature pred_u_:ted to became more ;table. A DFT study of the r_elatlve
conditions with respect to Miand HCN, as well as with respect ~ Stability of group 13 tricyanides M(CN)revealed that tricy-

to the important source molecules used in CVD of binary anides are more stable for Ga and In, while for Al the triiso-
nitrides. Such a comparison is presented in Table 6. As can becyanide form is preferabR.In another recent theoretical study,
seen, formation of tetramers from the MHind HCN is Sung? compared energies of RCN and RNC bonded structures
favorable at low temperatures. When reaction between did for 23 different R groups using the B3LYP/83+G(2d,p)/

NMe;s is considered, formation ofl(b) 4 is very favorable, even H|F/?'31+G: level of theoLry.MHero;nd %;t gnz Wc'jth h'%;“y
at high temperatures. Finally, formation dfilf) , in a reaction electropositive groups (Li, MgH, Na, Alii BeH) does the

. L . isocyanide form becomes more stable.

between the commercial sources of the nitride formation In th ¢ ¢ the i tigati f the infl f
(M(CHs)3 and ammonia) is also thermodynamically favorable n the present report, the |,nves \gation ot the Influence o

. . . . metal M and substituents X;Xon the relative stability of
for all M, as the corresponding Gibbs free energy is negative . . ] .

A : cyanides XXMCN and isocyanides XXNC has been carried

even at 1000 K. We conclude that-\C—N bonded species out. The results obtained are summarized in Table 7. Consid-
[HMCH2NH]4 may beexothermicallygenerated under CVD : X

" o eration of the atomization energies reveals that the relative
conditions. Once formed, they obstruct the &mination (by - . .
AE = EY(RNC) — E°(RCN h
trapping carbon in the form of bridging GHyroups) and, energy (RNC) (RCN) is determined by the

heref ial i di ble f b differences in the RC and R-N bond dissociation energies:
therefore, are potential intermediates, responsible for carbon \ - _ E9SR—CN) — E9(R—NC). On the basis of relative

contamination in nitrides. energies listed in Tables 2s and 7, the following trend is
IIl. RX Elimination Reactions from the Donor —Acceptor obtained: CH > H > X,ln > X,Ga > X,Al. For all X5Al
Complexes.Besides X migration, another major process upon substituents, the RNC form (i.e.,.XINC) becomes the most
reaction of MX with cyanides is the RX elimination reaction  stable, irrespective of the nature of the substituent X. This
(Figure 1). RX elimination from M —NCR (la) and XM — indicates that A+N bonding is preferable compared to-AT
CNR (Ib) formally leads to monomeric metal cyanidesMiNC bonding, whereas for Ga and In the situation is reversed and
(Iva) and XxMCN (IVb), respectively. Such species, due to the X;MCN isomer is the most stable.
the unsaturated metal and donor center, easily form oligomers  Trends inAE with changing subsituent X are less pronounced.
(polymers). They also can form doresicceptor complexes with  The relative stability of YMNC forms decreases slightly with
strong donors, such as ammonia, which may prevent thethe increasing electronegativity of the terminal group X both
oligomerization process. First, we will discuss the structures for Al and Ga: CH < H < CN < CI. This conclusion agrees
and stability of the monomeric species itself, then their complex well with “electropositivity” statement of Surj.
formation with ammonia and dimerization energies. The ther-
modynamics of RX elimination reactions will be considered in (31) Lanzisera, D. V.. Andrews, L1. Phys. Chem. AL997 101, 9660.

o i . . (52) Timoshkin, A. Y.; Schaefer, H. Zh. Strukt. Khim200Q 41, 44.
more detail in Discussion section. (53) Sung, K.J. Org. Chem1999 64, 8984.
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Table 8. Structural and Thermodynamic Parameters of X;JMCN—NH3z and XoMNC—NHz Donor—Acceptor Complexes (all bond distances in
A, all bond angles in deg, standard enthalpies AH°293%5S in kJ mol~2, and entropies AS°29sss in J mol~1 K~1; harmonic vibration frequency
shift of CN stretching mode, Aw(CN), cm~! (unscaled) and charge transfer qcr, predicted at B3LYP/pVDZ level of theory)

M X r(C-N) r(M—(CN)) r(M=NHs) XMX AH® g AS gt der Aw(CN)
cyanides

Al H 1.1641 1.980 2.066 121.6 150.3 132.1 0.287 -4

Al Cl 1.1630 1.951 2.030 117.8 172.7 129.5 0.306 )

Al Me 1.1643 1.992 2.081 114.2 131.7 154.5 0.275 —4

Ga H 1.1636 1.991 2.151 123.9 122.0 128.8 0.294 -1

Ga Cl 1.1620 1.958 2.095 117.2 145.3 132.9 0.325 —4

Ga Me 1.1640 2.007 2.177 124.5 101.6 138.0 0.277 -2

In H 1.1640 2.197 2.378 127.0 114.4 120.4 0.281 -2

In Cl 1.1626 2.154 2.325 117.5 145.4 124.9 0.321 -2

isocyanides

Al H 1.1790 1.861 2.062 122.3 146.9 129.0 0.282 21
Al Cl 1.1800 1.831 2.022 118.2 174.3 133.5 0.303 15
Al Me 1.1787 1.873 2.076 122.4 130.1 145.0 0.272 15
Ga H 1.1782 1.915 2.144 126.3 120.7 124.1 0.295 21
Ga Cl 1.1794 1.875 2.083 118.4 149.6 132.3 0.331 17
Ga Me 1.1781 1.933 2.168 127.2 101.4 133.8 0.279 14
In H 1.1796 2.144 2.369 130.6 118.8 123.6 0.278 14
In Cl 1.181 2.089 2.312 1199 150.9 126.6 0.328 15

Trends inAE are closely related to the reorganization effects pVDZ),*” the predicted dissociation enthalpies of theGzi-
and correlated with XMX angle deformation and with the NC—NH3z and CbGaCN-NH3; complexes are 145 and 150 kJ
electronegativity of the terminal group X. For aluminum mol™?, respectively. Thus, substitution of the Cl atom by the
compounds this trend is less pronounced than for Ga. Note alsoCN group leads to aincreaseof the Lewis acidity of the
that going from Me to Cl, the CN distance in RCN is decreasing, acceptor by 13 kJ mot. Note, that substitution of Cl by F leads
while in RNC it is increasing both for Al and Ga (Table 7). to an increase of the dissociation enthalpy of the GaFCl
The overall changes in the-N bond length are symbiotic with ammonia complex by only 10 kJ mal(B3LYP/6—3111++G**
the relative energies of the isomers (Figure 2s). level of theory)®* Compared to MgGaNH; (dissociation

We have also examined the so-called bond lergtimd order enthalpy 76 kJ moit),*! dissociation enthalpies of the Me
relationship for the XMNC and XMCN species. Previously, = GaNC—NH3z and MeGaCN-NH;3; complexes are increased by
a correlation between the XMY bond angle and derexceptor 25 kJ mof. Thus, the following order of the acceptor ability

bond lengh M-Y was observed for the series ofsM—YH; of the MX3 species may be deduced (see data for Ga complexes
adducts for the fixed doneracceptor pairs M, ¥ Now we test in Table 7s)

this relationship for the planar group 13 species. Because

structures with different substituents X,Xere considered, the CN>F>Cl>Br>1>H>Me

influence of the M-N or M—C bond length on the value of
the X-M~—X" angle was monitored (Figure 3s). Due {0 the jn« the acceptor molecule alwaiysreasests acceptor ability.
planarity of the molecule, this single parameter reflects overall = ~ [X,MNC] , Rings: Oligomerization ProcessesOligo-
changes of XMY and XY angles. There is a satisfactory  ayization of unsaturated monomesMCN species leads to
correlation between XM—X" angle and M-Y bond length for v _n1Nc], oligtomer species, which have been known since
the each doneracceptor pair M,Y. Correlation coefficients are 1963 (tetrameric [MAICN] s and [MeGaCNJ).1 The indium
0.93-0.95 for AI-N, Ga—N, Ga-C, and 0.77 for A+-C pairs. analogue [MenCN],, structurally characterized in 1993, exists
Thus, a bond length- bond angle relationship holds for the 45 3 polymer with a spiral structure in the solid stteThe
planar group 13 derivatives as well. analogous gallium compound is tetrameric, it can be purified

B. Complexes of Metal Cyanides XMCN and Isocyanides g plimation at 99C/0.01 Torrt! In mass spectroscopy (MS)
XzMNC with Ammonia. Major structural and thermodynamic experiments, mostly trimeric units have been observed for Ga

parameters of these complexes are presented in Table 854 |y and no presence of tetramers was evideHcedstark
Complexation with ammonia lowers the energy differences ;onuast for the Al compound the tetramer has almost the same
between the MCN and MMNC isomers. Comparison of the  jansity (99%) as the trimer (100%, highest peak). The product

CN stretching vibratic_)n shift in the comple>_<es relative to fiee of partial dissociation [(CH),MCNM(CHz),]* has a relatively
XzM(CN) shows, that in the case of the cyanides, the only minor high intensity for all metals M. The first crystal structure of

decreage (by 25 enr?) is .observejd upon complexatiqn with oligomeric cyanides was determined in 1995 by Uhl and co-
ammonia. In contrast, for isocyanides, the CN stretching mode |4 1ars10 Trimeric [{ (MesSi),CH} ,AICN] 3 was produced in a

is increased by 1421 cnt?, indicating a s_tabilization_ of t_he 26% yield by reaction of isonitrile-BUNC with RAIAIR »:

CN bond. Thus, whereas complexation with ammonia slightly r — (MesSi),CH. Predicted structural parameters for B
destabilize CN bonding in nitriles, it stabilizes CN bonding in symmetric [MeAICN]s are in good agreement with experi-
isonitriles, leading to a lowering of the relative energies of - findings for {(MesSi),CH} ,AICN] 5. The mean experi-
ISOMErs. mental G-N distance 1.164 A agrees very well with B3LYP/

Itis also of interest to compare the acceptor ability of }X pVDZ result of 1.163 A. The predicted highly inequivalent
with respect to that of MX Compared to the @GaNH;

complex with a dissociation enthalpy of 137 kJ mo(B3LYP/ (54) Ogawa, A.; Fujimoto, Hinorg. Chem.2002 41, 4888.

Thus, is important to conclude that inclusion of the cyano group
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Figure 4. General structures of XCN], oligomer compoundsCy, (a) andC,, (b) symmetric dimers, trimers (c) artth, (d) andD2, (€) symmetric
tetramers.

AI-N (1.969 A) and AF-C (2.088 A) distances reflect the ~ Table 9. Subsequent Oligomerization Enthalpies (kJ mol™) of
stronger AN bonding, compared to AIC. The average 2 P

theoretical value for the At(N/C) bond of 2.029 A agrees well monomer = Yo dimer = s rimer =
with the experimental mean value of 2.022 A. The experimental X fodimer f rimer s tetamer
—(N/C)—(N/C) angles are 161-9167.0, with the predicted A ';Ae :?;i :gg; jg g
Al—N—C values being 164°%nd AI-C—N 166.6. In the mass cl _91:4 _59:4 -94
spectrometer the monomer fragment MCHj; has the highest Ga H —84.8 —48.3 -9.3
intensity, and the trimeric form 3M-C(SiMes), was detected Me 723 —43.7 —7.6
with an intensity of 2%. The dimeric species 2MCHs (2%) In EI —_1?)3'.3 :gg:g :g:g
and 2Mf—CH(SiMe;); (13%) have also been observed, indicat- cl -110.2 —42.0 -5.8
ing partial dissociation under MS conditions.
The general structures of theMCN], oligomers 1= 2—4) aFor dimeric and tetrameric species data are given for the most stable

are presented in Figure 4. Dimerization ofMCN and X- 1Somer.

MNC molecules lead to formation of cyclic compounds with PES and, are very close in energy (within 1 kJ mplas was
six-membered M,N,C-containing rings. Two isomer struc- the case for the dimeric species.

tures for the dimer is possible: with equivalent metal centers, Thermodynamic parameters for the association processes are
possessing N,C coordinated cyanogroups point group), and presented in Table 9. Subsequent oligomerization enthalpies only
inequivalent M(N,N) and M(C,C) coordinated metal ator@s,( slightly depend on the different substituents X, in agreement
point group). Both isomers are found to be minima on the PES with our findings for the oligomerization of structurés and

and exhibit strictly planar cycles. The absolute energy difference Ill . Formation of tetramers is very favorable energetically even
between thes€,, andC,, symmetric isomers is less than 1 kJ at high (1000 K) temperatures. It is of interest to compare the
mol~1. C,, symmetric %M(NC).MX, isomers are more stable, thermodynamics of the oligomerization process with formation
with the exception of M= Al X = CI, for which the Cy, of [Xo,MCN]4 and complex formation of MCN with ammonia.
structure was found to be preferable. For the tetramers, similar Data are summarized in Table 8s. For=XCl, the cleavage of
arrangement of the cyanogroups lead€igor D2, symmetric tetramer by ammonia is exothermic. In contrast, formation of
structures with planar cycles. Both isomers are minima on the tetramer is predicted to be slightly more exothermic compared
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015 1 +A-NCR
® Ga-NCR . . »
A In-NCR Figure 6. Structures of intramolecular transition states for hydrogen transfer
0.1 - % Al-NH3 in donor—acceptor complexeBSa (a) andTSb (b) and structures of dimers
0 Ga-NH, of the donor-acceptor complexedd), (c) and (b), (d).
In-NH . . - "
A1n-Nrs Table 10. Relative Energies (kJ mol~1) of Initial Transition States
0.05 1 for the monomolecular H transfer
nitrile series isonitrile series
0 : . . . . la TSa H,MNHCH lla Ib TSb IIb
0 50 100 150 200 250 Al 0 2030 1041 -722 0 706 -—583
E KJ mol ™! Ga 0 2253 109.4 —47.8 0 823 —25.2
DA» In 0 2362 1186 —221 0 967 —27.2

Figure 5. Relationship between the energy of the denacceptor bond
and charge transfer for doneacceptor complexes with N-donor ligands.

are in good agreement with the available experimental data. The
shift of the coordinated CNR group is more than the analogous
shift of coordinated NCR, indicating bigger changes upon
complexation, which agrees with the higher dissociation energies
of the MX3—CNR complexes. However, when data for all
acceptor molecules are taken into consideration, there is a poor
correlation betweeAH®,odsSandAw(CN) (Figure 6s). In fact,
the shifts for all GaGl complexes are always higher than for
the AlH; complexes, but the dissociation energies of the GaCl
Discussion complexes are always lower compared to dissociation energies
I. Relationship betweenAw(CN), gcr, AH206"S, Epa. Data of the AlH; complexes with the same donor molecule (Table

obtained in the present study allows one to examine generall). Therefore, the qualitative correlation betweii*,o8"Sand
relationships between the shift of the-®& stretching mode, A (CN) is found to be valid only for relative acceptor ability
dissociation energy of the complex and charge transfer. In our (fixed M,D) and cannot be simply generalized for the entire set
previous research, it was shown that for the series of metal halideof data.

complexes M% (M = Al, Ga, In; X=F, Cl, Br, I) with simple The energy of the doneracceptor bondps was estimated
group 15 donors Yk (Y = N,P,As) there is no correlation  taking into account the reorganization energies of the fragments
between the degree of charge transfer and the dissociationand a BSSE correctiot.BSSE corrections and reorganization
enthalpy of the comple$® When we examine relationship of ~energies were computed for all doraicceptor complexes
the et and AH ¢SS for the complexes studied in the present considered. Data obtained are given in Table 9s for complexes
work, we see no generake— AHxodSScorrelation. However, of MX 3 with nitriles/isonitriles and in Table 10s for complexes
for each acceptor center (Al, Ga, In) there is some proportional- of X2M(CN) with ammonia. The results indicate that the
ity between the charge transfer and the dissociation enthalpydistortion energy of the donor fragment is no more than 1.5 kJ
(Figure 4s). Another parameter, the shift of the K stretching mol~, and the distortion energy of the acceptor molecules varies
mode upon coordination, should be more sensitive to the chargefrom 4.4 to 29 kJ mol. Total BSSE corrections range from 8
transfer. Indeed, there is a very nice correlation for each to 20 kJ mot™. Both distortion energy and BSSE are maximal
nitrogen-containingdonor molecule (HCN and CkCN), but for Cl-containing acceptors.

the relationship for the carbon-coordinated donors is very poor We have also examined the relationship betweertgeand
(Figure 5s). Finally, there is a mediocre correlation between the degree of charge transfer (Figure 5). Taking into account
the shift of the CN and the dissociation enthalpy of the complex reorganization energies and correcting for the BSSE error
(Figure 6s). According to the data in Table 4s, standard significantly improves the ¢ — AH2q4"S correlation. Note,
enthalpies and the shift of the CN stretching mode are consistentthat correlations for Ngland NCR donors are different. A nice
and indeed can be used as a qualitative measure of the strengthorrelation holds only for the fixed metal and fixed donor centers
of the complex for the fixed metal atom M and different (Figure 7S in the Supporting Information).

substituents X (Me< H < ClI), or for the fixed substituent X Il. Mechanisms of Initial Transformations. The mecha-
and different metal centers (A Ga =< In). All of these trends nisms of the transformations considered are expected to be

to complexation in case of X H,CHs, but the difference in
the reaction enthalpies is not large<(56 kJ mot1). Therefore,

for X = H,CHj; tetramers are predicted to be stable compared
to reaction with NH, but may dissociate on reaction with
stronger donors. In fact, in experimental studies, JMEN] 4

and [MeGaCN], absorb four molecules of NMe“which
doubtless competes with cyanide groups in coordination with
metal” 1!
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important in light of the use of MX halides as catalysts in ;ﬁb/e lé- CQmpalriS?ln(of thc? TdherthtfynamAif;_'l.?aramzters OJ Géis
H H _ ase Reactions 1—4 (standard enthalpies 298 and standar

Qrganlc _synthes_ls_. Thus, Al(ll) (_;Omplexes catalyze the_enan Gibbs energies AG% are in kJ mol™%, standard entropies of the

tioselective addition of HCN to imin€$,but the mechanism  reaction are in J molX K1)

of this transformation is not understood. Due to time limitations,

X L . ; ) process AHC%q ASC AG%g AG%q AG09
only the mechanisms of the initial reactions will be considered. -
. . : o X=HR=H
First, we will consider hydrogen transfer within the doror M= Al
acceptor complexela. A transition state (TS) for the mono- (1) 73.3 126.5 35.6 10.1  -53.2
molecular procesdd — lla) has been found, and it lies 260 gg *iig-g *93-3 *igg; *iggg 13%
1 . B - - . —J. - . - . - .

240 kJ mot h|gher in energy. Therefore, formation of the @) _1949  —1645 —1459 —112.7 304
[X2MN=CXR], dimers via intramoleculer transfer of X and M= Ga
subsequent dimerization of the product presents considerable (1) 48.2 120.6 122 121 —72.4

TER. ; i ; @) —1431 -101.0 —113.0 —92.6 —42.1
energy d|ff|Cl_JIt|e7$. Yet this process easily occurs at@in @ 1106  -135  —1085 -1039  —971
toluene solutiort’ Therefore, on the basis of the experimental 1703  —1717 -1191  —84.4 14
observations, a high lying TS should be ruled out. Instead, X M =1In
transfer may occur between two DA complexes lafwith 1) 69.1 120.1 33.3 9.0 510
formation of a dimerl@), as a transition state (Figure 1). Initial % :%Zg _}i)g'g :gg'i :;g'g :gg'g
dimer formation is exothermic by-22 kJ mot? (per mole of ) _167.7 —1785 —1145 —-785 107
monomer), but entropically unfavorable (by64 J mol K1) X = CIR = H
At 298 K the Gibbs energy of the dimerization process %8 M = Al
kJ mol?; this result is in agreement with crystallographic (1) 89.0 133.0 49.4 225 —439
studies, which found “head-to-tail” packing of the M¢NCMe @) 1312 -1047  -100.0 —78.38 —26.5

. . . 3) 16.5 13.2 12.5 9.8 3.2

molecules in the unit cef The entropy factor makes dimer- M = Ga
ization unfavorable at temperatures higher that 340 K. Another (1) 59.4 125.5 22.0 -34 —66.1
possible mechanism, which relies on the excess of;MX a 2 —106.6 ~ -1005  —76.7  —564 —6.1

catalyst, was proposed in several experimental stuéie$’ ®) 199 2 171 163 127

In contrast to the nitrile series, in isonitriles the hydrogens
are transferred to the carbon, which is directly bonded to the 11s. RX elimination reactions from the dora@cceptor com-
metal. Therefore, there is a marked decrease in the transitionplexes strongly depend on the nature of the substituent X, and,
state energies for the monomolecular hydrogen traribfer- taking into account subsequent oligomerization of the products,
llb (TS energy is less than 100 kJ m§)|, and formation of  are highly exothermic in the case of % H, CH; and endo-
the product is exothermic (Table 10). In both series, the order thermic for X= Cl, reflecting the higher stability of the metal-
Al < Ga < In is observed for the energy of the TS. Cl bonds. HCI and CkCI elimination from %MNCR adducts
Dimerization of the isonitrile complexessM —CNH was also is predicted highly unfavorable even if formation of oligomer
considered for comparisof, symmetric structures, which are  species takes place.
minima on the PES, were obtained and are presented in Figure Comparison of the different reaction pathways of the denor
6. Dimerization enthalpies are35, —28, and—34 kJ moi? acceptor complexes will be carried out by considering the Gibbs
(per mole of monomer) for Al, Ga, and In, respectively. These free energies of the major reactions. On the basis of the previous
dimers possess even shorter H...H intermolecular contacts: 1.41@iscussion, four major processes have been identified:

A, compared to 1.753 A for the correspondingNCH dimer. (1) XsMNCR = X3M + NCR (dissociation of the complex)
The optimized structure of thedAINCH dimer clearly reflects (2) XsMNCR = ¥, [XsMNCXR], (X transfer with dimer-
the initial formation of two H molecules: compared to the  jzation following)

monomer donocracceptor complex, in the dimer the—El (3) XsMNCR = Y4 [X2MNC]4 + RX (elimination of RX

bonds and A+H bonds are elongated by 0.023 and 0.03 A, ith subsequent tetramerization)

respectively. Simultaneously, theKl:—N. angle decreases from (4) XaMNCR = Y, [XMCX ,NR], (transfer of two X with
180.0 to 171.5, and the H...H separation is 1.753 A.Thereis  ¢omation of the M-C—N core and tetramerization following)
also a significant HC—N angle deformation: HC—N 171.5; We will not discuss the process of rearrangement in which

C-N-H .162'2' These dramatic structural changes OCCU 4o X moieties are transferred to the carbon atom to form
exothermically and can greatly reduce the energy required for [XMNCX 2R]. oligomers (structuresli(a ),), because experi-

the hydrogen elimination. It is interesting that the experiment mental attempts at such transformation have faiféEhermo-
rea_c(;lon of I\QQAlH CW |tr|1 HCN| n begnzinelzqat oc resul:]ed '?} dynamic parameters for processes-4) are summarized in
rapid F (an nqt H 1) evolution;” whic . SU.QQGStS that the - rap1e 11. At low temperatures, process {2generation of the
observed H...H intermolecular contacts in dimers may play a dimers [XeMNCXR] (Ila); — is the most favorable. The Gibbs
role in the elimination reactions at low temperatures. energy for this process at 298 K is negative both forxH

I1l. Comparison of the Thermodynamics of Elimination, and X= Cl substituents. For X H, formation of an M-C—N
Dissociation, and Oligomerization Processes in the Gas ponded cage is also favorable. As the temperature increases,
Phase.Theor_etlcaI en'FhaIples_ of RX ellmlnatlon_ Wlth_formanon unfavorable entropy change disfavors processes (2) and (4) and
of monomeric and oligomeric forms\(), are given in Table favors processes (1) and (3). In the case of R, process (3)
of H, elimination with formation of [XMCN], tetramer

Eggg Sigman, M. S.; Jacobsen, £ N.Am. lcgraméfg%fga 120 5315. becomes the most favorable for all Mt 500 K, and is still
(57) Pasynkiewicz, S.; Kuran, WRoczniki Chem1965 39, 1199. dominant atT = 1000 K. For X= ClI, elimination of HCl is
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unfavorable for all M at all temperatures, and dissociation of

the adduct into components prevails at 1000 K. Thus, thermo-

dynamic analysis shows that formation of dimelis ). and
tetramers IV ), as major products of reactions betweegvX

stable. Substitution of X by CN in MXincreases the dissocia-

tion enthalpy of the XMCN—NH3; complex compared to that

for MX3—NHjs, irrespective of the substituent X. Thus, inclusion
of the cyano group into the acceptor molecule Madways

and NCR is expected at low and high temperatures, respectively.increasests acceptor ability.

Although the dimersl(a ), are predicted to be stable with respect

Mechanisms of the initial reactions of X transfer in X

to interaction with donor molecules, cleavage of tetrameric rings (NC)R have been studied for the case=XR = H. Intramo-
(IV)a s expected to proceed with donors stronger than ammonia. |ecylar hydrogen transfer has been definitely ruled out for nitrile

Conclusions

Reactions of group 13 metal derivatives MXith nitriles/
isonitriles R(CN) result in exothermic formation of the corre-
sponding doneracceptor complex. The acceptor ability of MX
decreases in the order €IH > CHg; Al > Ga< In; the donor
ability of R(CN) decreases in the order ¥ > CH;CN >
HNC > HCN. Irrespective of the acceptor molecule, complex-
ation with MX; to some extent stabilizes the isonitrile form due
to the higher M-C donoracceptor bond energy. Prediction
of the AH°o¢SSon the basis of the shift of CN stretching mode
is possible within limited series of cyanide complexes (for the
fixed M,R); in contrast, complexes of the isocyanides exhibit
very poor Awcy — AH%dsS correlation. The correlation
between the energy of the doracceptor bond and the degree
of a charge transfer is very good for a given metal-donor pair,
but cannot be simply generalized for the entire set of data.

Migration of the terminal group X from metal to carbon center
in MX3-(CN)R is determined by the difference between the

adducts. Complexes M- (NC)R exothermically form ‘head-
to-tail' dimers, which exhibit short H...H intramolecular dis-
tances and possess activated nitrile and isonitrile molecules.
These dimers are likely to be intermediates toward both X
transfer and RX elimination processes and may play a key role
in catalytic activity of group 13 derivatives.

Comparison of the thermodynamic parameters of subsequent
oligomerization reactions shows that oligomerization enthalpies
of the halide containing species are slightly more exothermic,
whereas differences for H and @ldubstituents are minimal.
Thus, results obtained for the systems with=XH, which are
most amenable to theoretical studies, may serve as a good
models for the organometallic systems.

Analysis of predicted thermodynamic parameters shows that
major products of the reaction of MXvith nitriles/isonitriles
are dimers [XMNCRX], and tetramers [YMCN]4, at low and
high temperatures, respectively. AlthoughMNCRX], dimers
are predicted to be thermodynamically stable toward reactions

metal-X and carbon-X bond energies and the coordination With Lewis bases, [AMCN], rings may be cleaved by donors
number on the metal. Transfer of one hydrogen or methyl group Stronger than ammonia. Tetrameric/@—N bonded [HMCH-

is predicted to be exothermic; in contrast, Cl transfer is highly
endothermic. Stabilization of coordinationally unsaturated prod-
ucts of X transfer is achieved via oligomerization or via denor

acceptor interaction with Lewis bases. Dimerization processes

are dominant for the 2MNCHX species, while XMCXNH
monomers are stabilized by intramolecular denacceptor
interactions. Transfer d#vo substituents X from metal to carbon

center is always endothermic, irrespective of the substituent X.

However, oligomerization processes of HMNg&hd HMCH-
NH fully compensate this unfavorability. The relative energies
of [HMN(CH3)], with respect to their isomers [(GHMNH],
depend linearly on the number of methyl groups

RX elimination reactions from the doneacceptor complexes

strongly depend on the nature of the substituents X, and, taking
into account subsequent oligomerization of the products, are

highly exothermic in the case of % H,CHz and endothermic
for X = Cl. Monomeric aluminum isocyanides,XINC are
more stable compared to AC bonded isomers; for gallium

NH]4 cages may be exothermically generated in the gas phase
under MOCVD conditions, and are potential intermediates,
responsible for carbon contamination in nitrides.
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